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 Radiant frying is an alternative technique to traditional immersion frying.  While 
enjoyed by consumers, immersion fried foods are typically high in fat.  Radiant frying 
uses infrared energy to produce finished products with similar sensory characteristics to 
traditional frying, but with significantly less fat.  This research compared the efficacy of 
radiant and immersion frying using hash brown patties as a model food matrix by 
measuring temperature profiles, heat flux profiles, moisture and oil contents, peak shear 
force, color, mottling, and crust thickness as well as executing semi-trained and untrained 
sensory evaluations.  The FryLess 100K Radiant Fryer was used for all experimentation.  
 The heat flux profile a hash brown patty is exposed to during radiant frying was 
measured and the use of reflectors was shown to increase the total power by 197%.  
Neighboring emitters were shown to provide a 25% increase to the measured heat flux of 
a single emitter.  Radiant fried hash brown patties had a 14.39% higher average moisture 
content and 52.29% lower average oil content compared to the immersion fried samples.  
No significant differences (P > 0.05) were found in peak shear force, L*, a*, and crust 
thickness.  Immersion frying resulted in samples with significantly higher average b* 
value, indicating more yellowness, as well as less mottling and lower average core 
temperature compared to radiant frying.  A consumer panel (n=101) found no significant 
difference in overall preference, purchase intent, overall liking, and flavor liking between 
hash browns fried using the two different techniques.  Immersion fried hash brown patties 




samples scored significantly higher for oiliness liking.  Descriptors of radiant and 
immersion fried hash brown patties were generated by a semi-trained panel (n=7) for the 
appearance, aroma, flavor, and texture.  It is believed that with further refinement to the 
radiant frying process and product formulation, radiant frying could be a suitable 





 INTRODUCTION CHAPTER 1.
Immersion fried foods are greatly enjoyed by consumers and are easily obtainable 
due to the availability of fast food establishments in the United States.  Their 
characteristic sensory attributes, such as color, texture, and flavor make them a desirable 
food choice for consumers.  An undesirable trait of immersion-fried foods is their high fat 
content.  For example, a 2 oz serving of McDonald’s hash browns contains 150 calories 
(80 calories coming from fat) and 9 g of total fat, which is 14% of the Daily Value 
recommended for a 2,000-calorie diet (McDonald’s, 2015).  As consumers become more 
and more health conscious, it is important to find an alternative frying method that is 
comparable to immersion frying.  
Immersion frying is a complex unit operation, consisting of coupled heat and 
mass transfer (Dagerskog, 1977).  Energy, in the form of heat, is transferred from the oil 
to the food product and the water present in the food vaporizes.  Farkas (1994) divided 
immersion frying into four stages: 1) Heat-Up 2) Surface Boiling 3) Falling Rate 4) 
Bubble End Point.  The time the food material is placed in the oil until the surface 
reaches the boiling point is the Heat-Up period.  The surface boiling stage consists of a 
rapid increase in the heat transfer coefficient, and thus the rate of heat transfer and rate of 
vaporization of water on the surface of the food also increase.  The mechanisms of heat 
transfer are free convection and conduction during this stage.  Through free convection 
heat is transferred from the oil to the surface of the food and through conduction heat 
moves through the food medium.  The longest immersion frying stage is the Falling Rate 
period, which involves heating of the core of the food material, crust formation, moisture 
loss, and reactions such as starch gelatinization and protein denaturation.  Mass transfer 
of water vapor and heat transfer both decrease during this stage.  Finally, the food 





During immersion frying the food product experiences a dynamic heat flux, which 
Hubbard and Farkas (2000) hypothesized is the cause of the formation of the desirable 
sensory attributes of immersion-fried products.  Browning occurs, due to carmelization 
and Maillard reactions, and the characteristic texture is formed due to crust development 
during the boiling phase of heat transfer (Hubbard and Farkas, 1999).  Hubbard and 
Farkas (1999) fried potato cylinders at 180°C and generated a dynamic heat flux profile.  
They reported that the product first experiences a high rate of heat transfer, peaking at a 
heat flux of over 29,000 W m-2.  The heat transfer rate then decays with time, as shown in 
Figure 1.1.  
  
Figure 1.1: Heat flux as a function of time during immersion frying of potato cylinders at 
180°C (Hubbard and Farkas, 1999). 
 
The overall goal of this research was to compare the efficacy of radiant and immersion 
frying using hash brown patties as a model food matrix.  To achieve this goal, the 
following objectives were examined:  
 
• Measure temperature profile of a hash brown patty and heat flux profile that a 
patty is exposed to during radiant frying (Chapter 3) 
• Compare radiant and immersion fried hash brown patties through analytical 





• Perform a sensory evaluation to assess consumer preference/acceptance of overall 
appearance, color, crispness, oiliness, and flavor (Chapter 5)  
• Generate sensory descriptors for radiant and immersion fried hash brown patties 
through descriptive analysis using a semi-trained panel (Chapter 5) 





  LITERATURE REVIEW CHAPTER 2.
2.1 Effect of Potato Properties on Frying 
The leading vegetable crop in the United States is the potato, with over 50% of 
potato sales going to processors of French fries, chips, dehydrated potatoes, and other 
potato products (U.S. Department of Agriculture, 2016).  Potatoes are tubers, or enlarged 
underground stems, which vary in size, shape, and color depending on the cultivar.  The 
optimal composition depends on the final use of the potato.  On average, potatoes contain 
80% water, 18% carbohydrates, 2% protein, 0.1% lipid, and less than 0.1% vitamins, 
minerals, etc. (Mondy, 1983).  Many factors affect the quality of potatoes, including the 
environmental conditions during growth, variety, cultural practices used, and application 
of agricultural chemicals such as pesticides (Jadhav and Kadam, 1998).   
For fried potato products, such as chips and fries, many features contribute to a 
desirable final product.  The dry-matter content, sugar content, discoloration of the raw 
flesh, texture, browning, and after-cooking blackening are important factors (Jadhav and 
Kadam, 1998).  Better texture, higher yield, and lower oil content are achieved using 
potatoes with solids content of 20-22% (NPCS Board of Consultants and Engineers, 2007; 
Pedreschi, 2012).  Sayre et al. (1975) reported that any potato with less than 17% solids 
results in an unsatisfactory product.  The oil content was shown to decrease linearly as 
the specific gravity of the potato sample changed from 1.06 to 1.11 (Lulai and Orr, 1979).  
The variety of potatoes used in deep fat frying can affect the sensory attributes of the 
finished fried potato product.  O’Connor et al. (2001) have shown that French fries made 
from Agria have a significantly lower fat uptake than French fries made from Russet 
Burbank potatoes.  The Agria fries had a fat uptake of 7.1% while the Russet Burbank 





Starch granule size, starch and pectin content, and the environmental and storage 
conditions affect the textural characteristics of a potato tuber (Jadhav and Kadam, 1998).  
Cold temperature storage of potatoes leads to conversion of starch to reducing sugars.  
Depending on the end use of the potato, different conditions are required to minimize this 
conversion.  For chips, typical storage conditions are 10 to 12.8°C and for French fries, 
8.3 to 10°C (Stark et al., 2010).  Potatoes can be reconditioned; turning the reducing 
sugars back to starch by holding at 12.8 to 15.6°C for 2 to 4 weeks (Stark et al., 2010).  
 
2.2 Acrylamides  
Acrylamide formation during frying should be controlled because it is a possible 
human carcinogen (U.S. Food and Drug Administration, 2013).  Acrylamides are 
typically formed during roasting, baking, and frying at temperatures greater than 120°C 
and have been confirmed to occur during the Maillard reaction (Mottram et al. (2002) and 
Stadler et al. (2002)).  Important precursors for acrylamide formation are asparagine and 
reducing sugars, which are present in potatoes.  In potatoes, asparagine is the free amino 
acid present in the highest concentration, approximately 93.9 mg/100g potato (Martin and 
Ames, 2001).   
The formation of acrylamides can be limited through pretreatment techniques.  
Pedreschi et al. (2008) studied the effect of pretreatments (blanching and soaking in a 
10,000 ASNU L-1 asparaginase solution) on the acrylamide concentrations in French fries.  
Asparaginase converts asparagine into ammonia and aspartic acid.  Partial frying at 
170°C for 1 min produced 370 µg kg-1 of acrylamides, while finish frying at 175°C for 3 
min formed 2075 µg kg-1 of acrylamides for the control potato strips (those only rinsed in 
distilled water).  Strips that were blanched in distilled water at 75°C for 10 min then 
finish fried had an acrylamide content of 1264 µg kg-1, while those blanched and soaked 
in the asparaginase solution at 40°C for 20 min had an acrylamide content of 483 µg kg-1.  
This shows that blanching and asparaginase pretreatments can be an effective way of 
decreasing the final acrylamide content of French fries.   
Control of the reducing sugar content can also reduce the acrylamide content in 





content of the potatoes also decreases the acrylamide concentration in the final product.  
Their research proved that this relationship between sugar content and acrylamide levels 
would occur in a food service establishment environment unlike previous experiments, 
which were laboratory scale (Amrein et al., 2003; Fiselier and Grob, 2005; Grob, 2005; 
Williams, 2005).  Higley et al. (2012) studied the effect of accumulated sugars, by 
conversion of sucrose to glucose and fructose over time during storage, versus that of 
added sugars, by dipping the French fried potato strips into a glucose solution.  The 
added sugar treatment decreased acrylamide formation and those samples had less 
variable acrylamide content and color.  Mestdagh et al. (2008) showed that an excess in 
fructose promoted acrylamide formation over Maillard browning in French fries while 
the opposite occurred for excess glucose.  This trend was also observed by Higley et al. 
(2012).  
Potato varieties can also be designed to lower the amounts of asparagine and 
reducing sugars, while also providing other benefits.  The J.R. Simplot Company has 
developed Innate™ potatoes through genetic modification.  These potatoes have reduced 
bruising, black spots, and asparagine, resistance to Late Blight pathogens, and improved 
cold storage capability (J.R. Simplot Company, 2015b).  The USDA has deregulated the 
Innate™ potatoes and the FDA has concluded that the potatoes are as safe and nutritious 
compared to conventional potatoes (J.R. Simplot Company, 2015a; J.R. Simplot 
Company, 2015b).  
Through careful selection of cultivars and storage conditions in order to minimize 
the content of asparagine and accumulated reducing sugars in the raw potatoes and the 
use of pretreatments, such as blanching and enzyme and sugar dipping treatments, it is 
possible for the acrylamide content in the final fried potato product to be reduced.  
 
2.3 Oil Types  
In order for an oil to be suitable for frying applications, it should have a high 
smoke point, high oxidative stability, and low foaming.  Due to the high temperatures 
used and presence of air and moisture, frying oils undergo a number of degradation 





hydrolysis (Kochhar, 2001).  Less stable oils can be partially hydrogenated to increase 
their stability, but this increases the trans-fat content, which is an undesirable 
characteristic for consumers.   
 The relationship between oil type and final oil content of the food product has 
been reported.  Kita and Lisińska (2005) explored how the oil type and frying 
temperature affects texture and oil content.  Five temperatures (150, 160, 170, 180, and 
190°C) and seven oils (refined sunflower, rape, soy, olive oil, palm, partially 
hydrogenated rape oil, and a blend of vegetable oils) were tested.  The use of sunflower 
oil resulted in the highest oil content (9.35%) while rape and olive oil had the lowest oil 
content (8.22%).  As the frying temperature increased, the final oil content of the fries 
decreased for all of the oil types.  Contrary to these findings, Rimac-Brnčić et al. (2003) 
found no significant (P >0.05) difference in oil content of potato strips fried in sunflower, 
vegetable, or palm oil.  Daniel et al. (2005) reported that there was no difference in total 
fat content between French fries cooked in cottonseed, Canola, and soybean oil.  
However, the use of cottonseed oil resulted in French fries with a significantly (P < 0.001) 
lower trans-fatty acid content than compared to the use of Canola and soybean oils.  
Kalogianni and Smith (2013) saw no significant changes in oil content when both palm 
oil and extra-virgin olive oil were used.  Differences were only shown when the potato-
to-oil ratio, potato distribution in the fryer, potato variety, and potato specific gravity 
were altered.  Oztop et al. (2007) found that potato slices fried in hazelnut oil resulted in 
the highest final oil content when compared to sunflower and corn oils.  They attributed 
this to the higher viscosity of hazelnut oil, which was 54.94 cP, while the viscosities of 
sunflower and corn oils were 42.67 and 43.72 cP, respectively. 
 Certain oils, such as red palm oil, may be able to provide additional nutritional 
benefits.  Sevilla et al. (2009) compared a high carotenoid oil, red palm oil, to extra-
virgin olive oil and sunflower oil.  Red palm oil has approximately 481 mg L-1 compared 
to 11 mg L-1 for extra-virgin olive oil and 8.5 mg L-1 for sunflower oil (Sevilla et al., 
2007).  The potatoes fried in red palm oil had a higher b* value (more yellow) than the 
other samples.  Consumer testing showed that the red palm oil samples scored lower in 





degrade at 180°C, a commonly used frying temperature, at a rate of 5 mg kg-1 min-1 
(Sevilla et al., 2007).  The use of alternative frying techniques, to be later discussed, may 
allow for less degradation.   
 
2.4 Mottling 
 The color of food products is very important to the consumer and thus, the food 
industry.  The FAO/WHO Joint Expert Committee on Food Additives (1957) concluded 
that consumer’s food choices are affected by color.  Hutchings (1977) and Clydesdale 
(1984) wrote reviews about the importance of color to food products.  Clydesdale (1993) 
reviewed many studies that looked at the effect of color on taste thresholds, sweetness, 
saltiness, and pleasantness perception, acceptability and preference, and sensory 
perception of the elderly.   
 Mottling is a term used to describe the uneven, or spotted, color of a sample.  
Jankowski et al. (1997) studied the relationship between the sugar levels in potato tissue 
and the occurrence of non-uniform browning.  Both processed and fresh tissue was 
studied over 8 months, but it was found that there was no interaction between time and 
incidence of mottling.  They found that a heterogeneous distribution of glucose in the 
potato tissue of commercial French fries was associated with the presence of mottling.  
Mottled areas had 42-62% higher levels of sugars compared to areas without mottling, 
which the authors noted might be a low estimate due to their sampling methods.  
 Instruments, such as a colorimeter, are very useful only if overall average color 
values are needed.  In order to look at the change/evenness in color over the entire food 
sample, other methods must be employed.  The cloud-runner (BYK-Gardner, Geretsried, 
Germany) is an instrument used in the paint industry for batch approval and process 
control by evaluating mottling and categorizing the mottles by size and visibility.  A 
computer vision system (CVS), consisting of a digital or video camera, illuminant, and 
image analysis software, can also be used for color and texture analysis as well as quality 
control (Chen et al., 2002; Mendoza et al., 2004; Mendoza et al., 2007).  
 Segnini et al. (1999) used a video image analysis system to quantify the color and 





Science Center, San Antonio, Texas) was used to measure the R’, G’, and B’ intensities 
and the measured area of dark spots as a percentage of the total sample area.  The video 
image analysis system was also able to separate samples into “acceptable” and “non 
acceptable” chips with L*, a*, and b* values in a range similar to the values of chips 
separated by the human eye.  
 Yam and Papadakis (2004) developed a method to measure and analyze the color 
of food surfaces using a digital camera and Adobe Photoshop.  Microwaved pizza cooked 
on paperboard for two different susceptor types was used to test three different analysis 
methods for determining the color distribution of samples in CIE-Lab color space.  The 
first method consisted of using the grid feature in Photoshop to measure the L*, a*, and 
b* values for specific grid points, which resulted in noisy data.  By dividing the pizza into 
18x18 pixel squares and using the histogram window to obtain the average L*, a*, and b* 
values for each square, a color distribution along the x and y-axis was obtained for the 
second method.  This method caused wavy plots that did not allow for comparison 
between samples.  The third method involved divided the pizza into ten circular pieces 
and the histogram window was again used to obtain the average L*, a*, and b* values of 
each circle and show that Susceptor-A produced a darker color than both Susceptor-B 
and the plain paper.  
 
2.5 Alternative Frying Techniques 
Numerous attempts have been made to develop a technology that can serve as an 
alternative to immersion frying with limited success.  These include microwave frying, 
vacuum frying, the use of superheated steam (SHS) as a pre-frying treatment, and 
controlled dynamic radiant (CDR) frying. 
 
2.5.1 Microwave Frying 
 Microwave frying has the advantages of decreased processing time, decreased oil 
uptake, and less oil degradation (Oztop et al., 2007; Chu and Hsu, 2001; Gharachorloo et 
al., 2010).  The effect of oil type on microwave frying of disc-shaped potato slices was 





at different microwave powers (400, 550, and 700 W) and frying times (2.0, 2.5, and 3.0 
min) to fry potatoes harvested from the Nevşehir region in Turkey.  Hazelnut oil resulted 
in a significantly higher oil content compared to the other oil types in both microwave 
and immersion frying.  Potatoes microwave fried in sunflower and corn oils had lower oil 
contents than those samples that were immersion fried.  The lowest moisture content was 
achieved after frying at 700 W for 3 min for all oil types.  Chen et al. (2009) used 
different batter formulations on microwave frying on chicken nuggets.  The microwave 
frying time was shorter than the immersion frying time (3.5 vs. 5 min).  They found that 
the hardness and crispness of nuggets breaded with 1% wheat protein or 1% soy protein 
was higher than that of the control (immersion-fried nuggets).  Breading consisting of 5% 
amylose or 5% modified starch resulted in higher moisture contents (33.53-35.90%) and 
lower oil contents (12.58-14.4%) compared to the control.  The immersion fried nuggets, 
except for the one containing 5% modified starch, had higher overall color change (ΔE) 
compared to their microwave fried counterparts.  
 
2.5.2 Vacuum Frying  
Vacuum frying uses pressures below atmospheric pressure, which decreases the 
boiling point temperature of water and the frying temperature of the oil.  Benefits of 
vacuum frying include reduced oil content, improved nutritional content, and less 
degradation to the frying oil.  A comparison between vacuum fried apple, carrot, and 
potato chips and atmospheric fried chips has previously been researched (Dueik and 
Bouchon, 2010).  Using vacuum frying techniques, the oil contents of carrot and potato 
chips were reduced by about 50% while the oil content of the apple chips was reduced by 
25% when compared to chips fried using atmospheric conditions.  The lower reduction in 
oil content of the apple chips compared to the carrot and potato chips was attributed to 
the porosity of the apples by the authors.  Vacuum fried samples also showed less 
browning than the atmospheric chips.  Da Silva and Moreira (2008) evaluated vacuum 
fried sweet potato, blue potato, green beans, and Tommy Atkins mango chips.  Sweet 
potato chips and green beans had 24% and 16% lower oil content than traditionally fried 





respectively.  Sensory evaluation of the products was performed, with panelists 
significantly (P< 0.05) preferring the vacuum fried samples.  
Vacuum frying also results in less degradation of nutritional compounds and less 
acrylamides formed.  Vacuum frying preserved the carotenoid and ascorbic acid contents 
of the chips (Dueik and Bouchon, 2010).  For a thermal driving force of 60°C there was 
only a 9.4% loss of carotenoid content in the vacuum fried carrot chips compared to a 
51.6% loss during atmospheric frying.  At the higher thermal driving force of 80°C, the 
damage was increased to 33.7% for vacuum frying compared to 53.8% loss for 
atmospheric frying.  The vacuum fried potato and apple chips maintained 95% and 70% 
of their ascorbic acid content at the driving forces of 60°C and 80°C, respectively.  The 
atmospheric fried chips only maintained 50% and 40% of the ascorbic acid content for 
the thermal driving forces of 60°C and 80°C. respectively.  Da Silva and Moreira (2002) 
found that carotenoids of the vacuum fried samples to be higher than traditionally fried 
samples, with 18%, 19%, and 51% higher carotenoid content in the green beans, mango, 
and sweet potato chips, respectively.  Anthocyanin content in the blue potato chips was 
60% higher.  Vacuum frying of shrimp resulted in a lower acrylamide content of 0.046, 
0.040, and 0.041 mg/kg for frying temperatures 120°C, 100°C, and 80°C compared to 
0.064 mg/kg for traditional oil immersion frying at 170°C (Pan et al., 2015).  
One disadvantage of vacuum frying is that the processing time is longer than 
traditional frying methods.  For example, vacuum fried blue potato chips took 420 s to fry 
while the atmospheric fried chips took 180s (Da Silva and Moreira, 2008).  The vacuum 
fried carrot chips took 300 s while the atmospheric fried chips only took 180 s for the 
60°C thermal driving force (Dueik and Bouchon, 2010).  Vacuum and microwave frying 
technologies can be combined to further reduce oil content and frying time.  Quan et al. 
(2014) showed that microwave-assisted vacuum frying of potato chips resulted in 
decreased frying times, oil content, and breaking force (crispier product).  Both moisture 
evaporation and oil uptake were faster with the microwave-assisted vacuum frying 
compared to regular vacuum frying.  However, when the frying temperature is decreased, 
the frying time for potato chips was shown to increase from 10 minutes at 100°C to 14 





solids at 100°C to 33.11 g oil/g dry solids at 90°C (Su et al., 2016).  An optimal oil 
temperature should be chosen in order to minimize frying time while also keeping the oil 
content of the final product low.  
 
2.5.3 Superheated Steam (SHS) Frying 
SHS has been tested as a pre-frying technique, as an alternative to other methods 
such as blanching or addition of coatings.  SHS is steam at a higher temperature than that 
of saturated steam at the same temperature and can be used to dry the product.  Battered 
pork meat sausages treated with SHS were compared to traditional oil immersion par-
frying by Primo-Martín and van Deventer (2011). The SHS samples took up to 3 min to 
reach 100°C, while oil immersion fried samples took only 1 min.  The water evaporation 
rate of the SHS sausages was thus slower than that of the oil immersion sausages.  Lower 
L* and b* values and higher a* values were obtained for samples using SHS as a pre-
frying technique, but after finish frying the oil and SHS samples had similar color.  While 
lower overall oil content was obtained using SHS, the surface oil content was higher for 
the SHS samples than for the oil immersion fried samples.  This could be attributed to the 
increased presence of starch gelatinization in the SHS samples that allowed for a delay in 
moisture evaporation and thus oil migration into the product.  The authors found that 
using a pre-treatment of SHS for 3 min results in a product with less oil, high initial 
crispness, and good crispness retention.  Chicken nuggets pretreated with SHS steam 
were shown to have lower overall oil contents, higher moisture contents, and were lighter 
and less reddish color in appearance compared to samples pre-treated in oil (Rosete-
Hidalgo et al., 2008).  Treatment with SHS at 110°C for 5 minutes, followed by deep fat 
frying at 160°C for 60 s resulted in a reduction of final oil content of 16.7% w.b 
compared to samples deep-fat fried at 160°C for 3 minutes.  The moisture content of the 
crust increased by 13.5-18.8% w.b. and 7.0-13.5% w.b. for SHS treatments of 110 and 
140°C.  
2.5.4 Controlled Dynamic Radiant (CDR) Frying 
Another promising alternative to traditional immersion frying is CDR frying.  





produce a product with the desired sensory attributes of immersion frying, such as color 
and texture, while also reducing the final oil content.  Due to its unique design, CDR 
frying has the ability to mimic the immersion heat flux profile unlike other novel frying 
technologies.  The emitter power, emitter-product distances, and product residence time 
can all be adjusted to achieve a radiant heat flux profile similar to the one produced by 
Hubbard and Farkas (1999).  Other benefits of CDR frying include penetration of energy 
into the product, which will be discussed later, and the elimination of oil waste and safety 
hazards associated with hot oil handling.   
CDR frying uses infrared radiation, a form of electromagnetic energy, to generate 
a product comparable to an immersion-fried counterpart.  Infrared radiation consists of 
three regions: Near-infrared (NIR), Mid-infrared (mid-IR), and Far-Infrared (FIR).  The 
wavelengths included in each region are 0.78-1.4 µm, 1.4-3.0 µm, and 3-1000 µm for 
NIR, mid-IR, and FIR, respectively (Sakai and Hanzawa, 1994).  The main constituents 
of food products, water, carbohydrates, proteins, and lipids, absorb energy at wavelengths 
greater than 2.5 µm (in the far infrared region) (Sakai and Hanzawa, 1994).  Water has 
strong absorption bands at 3, 4.7, 6, and 15.3 µm (Hale and Querry, 1973).  Amino acids, 
polypeptides, and proteins have strong absorption bands at 3-4 and 6-9 µm, lipids have 
the strongest absorption at 3-4, 6, and 9-10 µm, and carbohydrates have two strong 
absorption bands at 3 and 7-10 µm (Sandu, 1986).  
The total radiation is a sum of that reflected, absorbed, and transmitted by a body 
(Equation 1): 
     α + ρ + τ = 1                             [1] 
Where α is the absorptivity, ρ is the reflectivity, and τ is the transmissivity.  A 
body that absorbs all incident radiation, while transmitting or reflecting none, is a 
blackbody.  A heated object, however, is assumed to be a non-ideal emitter and absorber 
of radiation, called a gray body.  The emissivity (Equation 2) of a body can be defined as 
the ratio of emissive power of a gray body (W) to that of a blackbody (Wb):  
     ! =  !!!                                                                    [2] 
Combining Equation 2 with the Stefan-Boltzmann law, the emissive power of a 





    !! = !"!!                                                             [3] 
Where σ is the Stefan-Boltzmann constant that has a value of 5.67 X 10-8 W/m2 
K4.  Planck’s law (Equation 4) describes the distribution of energy in the spectrum of a 
blackbody (McCabe et al., 2005): 
     !!,!(!,!) = !!!
!!
!!!/!" !!                                              [4] 
Where Eλ,b is the monochromatic emissive power of a blackbody, λ is the 
wavelength of radiation with units of µm, and C1 and C2 are constants with values of  
3.742 X 10-16 W m2 and 1.439  cm K, respectively.  
Emitters produce the energy needed for CDR frying.  The emitters vary in size, 
and shape and can be classified into three groups:  short wavelength (0.7 to 1.4µm), 
medium wavelength (1.4 to 3µm), and long wavelength emitters (greater than 3µm) (Pan 
et al., 2014).  The peak wavelength produced is dependent on the surface temperature of 
the radiant emitter, as described by Wien’s displacement law (Equation 5):   
     !!"# = !!!                                                                 [5] 
Where T is the absolute surface temperature of the emitter in Kelvin, λmax is the 
peak wavelength, and C3 is a constant equal to 2,890 µm K.  
The use of infrared energy for frying of food products has been shown to be 
successful for a variety of product types.  Lloyd et al. (2004) effectively used CDR frying 
to produce French fry style potatoes.  They used the heat flux profile generated by 
Hubbard and Farkas (1999) to develop an emitter profile for CDR frying of French fry 
style potatoes (Figure 2.1).  The CDR oven used by Lloyd et al. (2004) consisted of five 
pairs of 500 W halogen emitters, with emitters of each pair on opposite sides of a 
conveyor belt.  The distances and powers of the emitters were adjusted to obtain the 
desired heat flux profile.  Overall, the center portion of the potatoes was slightly lighter 
and the thinner ends were darker.  The ends experienced excessive heating compared to 
the rest of the French fry due to drying.  However, the CDR fried French fries were found 
to have an overall acceptability that was not significantly (P < 0.05) different from the 
immersion fries.  Melito and Farkas (2012) have shown that par-fried, infrared finished 
donuts that are as acceptable to consumers as the fully immersion fried donuts.  Infrared 





compared to the control (33.7%).  CDR fried chicken patties were compared to 
immersion-fried samples by Nelson et al. (2013).  The oil content of the CDR fried 
patties averaged 16% lower than immersion-fried patties while the moisture content 




Figure 2.1: Sample heat flux profile generated by a CDR oven compared with that found 
by Hubbard and Farkas (1999) for immersion frying (Lloyd et al., 2004). 
 
2.6 Sensory Evaluation  
While analytical methods can show whether a process or ingredient change causes 
any differences in the final product, it is ultimately up to the consumer to judge whether 
or not they deem the product acceptable.  Sensory evaluation techniques can be used to 
determine whether panelists can detect any overall or particular attribute difference 
between products.  They can also be used to measure the panelists liking of attributes 
such as flavor, aroma, appearance, and texture, as well as the overall acceptability of the 
product.  Depending on the type of information needed for the study, panelists may be 





2.6.1 Untrained Panels 
There are two categories of difference tests: overall difference tests and attribute 
difference tests.  Overall difference tests are performed to see whether any sensory 
difference can be detected between samples.  A common overall difference test is the 
triangle test.  Three samples are presented to the panelists, two samples are the same and 
one is different.  The panelists must choose which sample is different from the other two.  
The number of correct answers is determined and compared to a table to see if a 
statistically significant difference exists.  Overall difference tests are useful to see if a 
change in ingredients, processing, packaging, or storage causes a detectable difference in 
the food product.  For attribute difference tests, panelists concentrate on specific 
attributes of the sample, such as sweetness or saltiness, instead of the entire overall 
sample.  An example of an attribute difference test is the directional difference test, 
where panelists are asked to choose which way two samples differ (e.g., which sample is 
sweeter) (Meilgaard et al., 1999).  
The personal acceptance/preference of a product or product characteristic by a 
customer can be determined using affective tests (Meilgaard et al., 1999).  Quantitative 
acceptance tests include preference tests and acceptance tests.  For preference tests, 
consumers choose which product they like the best.  This test can be used to compare 
products between two companies or ones made using different processing techniques.  
For information on the degree of liking of a product, acceptance tests can be used.  
Additional information about specific sensory attributes, such as overall flavor, color, 
saltiness, or oiliness, can be obtained by asking consumers to rate them on a hedonic 
scale, a strength scale, or a just about right scale.  A widely used hedonic scale is the 9 
point scale because it is balanced, having an equal number of positive and negative 
categories and the distance between categories are of equal size.  This scale is anchored 
by “like extremely” on the positive end and “dislike extremely” on the negative end with 
“neither like nor dislike” in the middle.  A strength scale can be used to measure the 
intensity of an attribute on a scale from “none” to “strong”.  An example of a just about 
right scale is a 5-point scale, which ranges from “much too little” to “much too much” of 





2.6.2 Trained Panels 
Descriptive analysis is a technique that allows researchers to obtain detailed 
information on specific sensory attributes.  It allows for a more in depth and complete 
sensory description of food products and determination of sensory attributes that are 
important to consumer acceptance (Lawless and Heymann, 2010).  It can be used for 
shelf life testing, comparisons to a competitor’s product, and for quality assurance.  In 
general, this method uses a trained panel of judges to develop a scientific language 
specific to the panel that describes a particular product.  The terms chosen must be allow 
for discrimination between samples, should not be redundant, combinations, or jargon, 
and should include terms that lead to consumer acceptance or rejection of a product.  
Singular terms should be used so that results can lead to an action item to fix a particular 
aspect of the product.  During training, reference standards are used for the chosen words 
to align panelists on the definition of each term.  
Some descriptive analysis methods include the Flavor Profile, the Texture Profile, 
Qualitative Descriptive Analysis (QDA), and the Sensory Spectrum.  Using a consensus 
technique, where the words used and the evaluation of the product is finalized by an 
agreement among the panelists and the panel leader, the Flavor Profile method generates 
information on the overall flavor and the flavor components of a product.  The intensity, 
order of perception, aftertastes, and overall impression of the components is assessed 
(Lawless and Heymann, 2010).  The Texture Profile method is employed to assesses 
texture characteristics “from first bite through complete mastication” using standardized 
terms (Civille and Liska, 1975).  In the QDA method, panelists are shown many 
variations of the same product, generate their own terms to describe the differences, and 
decide on anchors for the unstructured line scales and the order of evaluation of the 
attributes.  Final evaluation of the products (after training) is individual and the panel 
leader only facilitates the descriptor generation process, unlike the Flavor Profile method.  
However, this method only allows for relative comparison of different products within a 
product category because panelists may not use the scale in the same way.  Unlike QDA, 
Sensory Spectrum uses standardized terms and it allows for absolute evaluation of the 





adaptations of these methods can also be used to fit the needs of a certain product type or 
research question.  
 
2.6.3 Sensory Evaluation of CDR Fried Foods 
Desirable sensory attributes of fried foods include the golden-brown colored and 
crispy product exterior, as well as the moist interior.  In order for a new frying technique, 
such as CDR frying, to be adopted by industry, it must first be proven that consumers will 
accept the foods produced by these new methods.  Lloyd et al. (2004), Melito and Farkas 
(2012), and Nelson et al. (2013) have previously conducted sensory evaluations of CDR 
fried (or infrared finished) products.  
Lloyd et al. (2004) evaluated par-fried French fry style potatoes that used 
different finish heating techniques.  These included oven heating, immersion frying and 
CDR heating.  A single French fry was presented to each of the 53 untrained panelists.  
They rated the overall appearance liking, overall acceptability, overall flavor liking, 
overall texture liking, overall crispness intensity and liking, and the overall oily 
mouthfeel and liking of three French fries on a 9 point hedonic scale (1=dislike extremely, 
9=like extremely), each cooked using one of the finish heating methods.  CDR-heated 
French fries had significantly lower texture liking, crispness liking, and crispness 
intensity compared to the immersion-fried French fries.  The CDR-heated fries scored the 
lowest for oily mouthfeel intensity and highest for oily mouthfeel intensity.  Though there 
was not a significant difference in flavor liking, the CDR heated fries scored the highest 
overall when compared to the immersion fried and oven baked samples.  There was no 
statistical difference in the overall acceptability and overall appearance ratings, 
suggesting that CDR frying could be used as an alternative to traditional immersion 
frying.  
Melito and Farkas (2012) used a sensory panel of 99 untrained panelists to 
evaluate four infrared-finished donuts (trials 1, 2, 4, and 8) and one fully fried donut (the 
control).  The trials represented different emitter heights and residence times in the 
infrared oven.  A 9-point hedonic scale (1=dislike extremely, 9=like extremely) was used 





donuts.  For all the attributes measured, no significant difference (P < 0.05) was found 
between samples except for the appearance of Trial 1 donuts.  However, the infrared 
finished donuts received lower scores than the control.  Panelists commented that the 
donuts were “bland” and “not sweet enough”.  Through reformulation, this problem could 
be corrected, resulting in higher scores.   
Using 68 untrained panelists, Nelson et al. (2013) compared chicken patties that 
were finish fried using both immersion and CDR techniques.  Using a paired difference 
test, panelists rated the intensity of the flavor, crispness, and oiliness of each patty type.  
A paired preference test was also used to indicate which patty type the panelists preferred 
in terms of the appearance and overall preference.  CDR-fried patties scored slightly 
higher for flavor, although the difference was not significant.  The panelists preferred the 
crispness and appearance of the immersion-fried patties.  There was no overall preference, 






 HEAT FLUX AND TEMPERATURE PROFILES OF RADIANT FRIED CHAPTER 3.
HASH BROWN PATTIES 
3.1 Materials and Methods 
3.1.1 CDR Fryer 
The FryLess 100K Radiant Fryer, was constructed by Anderson Tool and 
Engineering (Anderson, IN).  As described by Nelson et al. (2013), it consists of 10 
heating zones.  Each zone has two vertically oriented 500 W halogen emitters.  The 
distance of the emitters to the conveyor can be varied from 5 to 15 cm and the power of 
each zone can be varied from 0 to 1 kW.  Aluminum reflectors back each emitter in order 
to minimize energy losses.  The total length of the variable speed chain conveyor in the 
frying zone is approximately 120 cm, with a maximum speed of 391 cm min-1.  Up to 16 
wire baskets, which can be designed to hold different food products, can be added to the 
conveyor.  
The radiant profile chosen for testing should generate a heat flux profile similar to 
the one that occurs during immersion frying as shown by Hubbard and Farkas (1999).  
Lloyd et al. (2004) generated a profile for CDR frying of French fries that mimics the 
immersion frying heat flux profile, but the CDR oven used was not the same prototype as 
the one used for this research.  The product of interest for this research, a hash brown 
patty, is a different type of potato product as well.  The FryLess 100K radiant fryer 
allows for more precise control of the heat flux that the product is exposed to.  The 
radiant frying profile used for the heat flux measurements is shown in Table 3.1.  It is 
final radiant profile that was used for Chapter 4 data experiments (moisture content, oil 
content, peak shear force, etc.), but accounts for the additional 5.8 cm distance that the 





Table 3.1: Radiant profile used for heat flux measurements. 
Zone 1 2 3 4 5 6 7 8 9 10 
 % 




10.12 10.12 10.12 10.12 15.96 15.96 15.96 15.96 12.40 12.40 
 
Conveyor speed (cm s-1) 0.39   
      Number of passes 1   
       
 
3.1.2 Heat Flux Measurements 
The heat flux profile was generated using the 9000 Series Radiometer produced 
by Vatell Corporation (Christiansburg, VA).  This sensor is water-cooled and has a zinc 
selenide lens that blocks convective heat transfer from reaching the sensor.  This allows 
for only heat transfer by radiation to be measured.  The radiometer placement is shown in 
Figure 3.1.  The sensor was connected to a data logger to record the change in voltage as 
the sensor moved through the radiant fryer.  The voltage was converted to W m-2 using a 
calibration chart provided by the manufacturer. 
 





3.1.3 Temperature Profile Measurements 
 The temperature profile of a hash brown patty during radiant finish frying was 
measured using three K-type thermocouples and a data logger.  Temperature probes were 
placed at the top, middle, and bottom of the patty at a 5 cm depth.  A schematic showing 
placement of the three thermocouples is shown in Figure 3.2.  
 
 
Figure 3.2: Drawing of the temperature probe placement for the temperature profile 
experiments.  T1, T2, T3 represent the three temperature probes used. 
 
3.2 Results and Discussion 
3.2.1 Heat Flux Measurements 
The heat flux profile for the heat flux that a hash brown patty is exposed to during 
radiant frying is shown in Figure 3.3. At least three replicates were taken for each side of 
emitters and then the trials were averaged. The profile is of an expected shape, with each 
peak corresponding to the points in time where the sensor passed directly in front of an 
emitter. Zones 1 through 4 are at high power and close distance to the sample in order for 
radiant energy to penetrate the product and quickly thaw the frozen hash brown patties. 
Zones 5 through 8 are at high power and further distance to continue to heat the interior 
of the product. The last two zone are moved back closer to the sample and at decreased 







Figure 3.3: Average heat flux profile for 0.39 cm s-1 belt speed (solid line) with reflectors.  
Positive and negative standard deviations are indicated by the dotted lines. 
 
 When the belt speed is doubled (Figure 3.4), the peaks become less defined and 
there is more variability. However, the same general shape as in Figure 3.3 is seen. The 
data logger used could only record one measurement per second so this may be the 
reason for the increased variability.   
 
 
Figure 3.4: Average heat flux profile or 0.78 cm s-1 belt speed (solid line).  Positive and 













































 Reflectors play a very important role in radiant frying, increasing the maximum 
heat flux of each zone by approximately 115-218% (Figure 3.5). The polished aluminum 
emitters have a low emissivity of appoximately 0.05 (Fluke Corporation, 2007) and are 
therefore able to reflect energy back towards the sample where it can used to heat the 
hash brown patty.  Average heat flux profiles were calculated from at least 3 replicates 
per side of runs both with and without reflectors.  
 
 
Figure 3.5: Comparison of the average heat flux profile a hash brown patty is exposed to 
during radiant frying with and without reflectors at 0.39 cm s-1 belt speed. 
 
 The effect of neighboring emitters on total heat flux is demonstrated in Figure 3.6.  
Only two trials were averaged for this figure.  When only zone 6 was turned on to 100% 
power the maximum heat flux was 22.7 kW m-2 but with neighboring emitters, zones 5 
and 7 also at 100% power, the maximum heat flux recorded for zone 6 increased 25% to 



























Figure 3.6: Effect of neighboring emitters on heat flux with reflectors at 100% power, 6.3 
cm distance, and belt speed of 0.39 cm s-1. 
 
 Figure 3.7 shows the maximum heat flux for each zone.  All emitters were set to a 
distance of 14.22 cm and 100% power in order to see any variation between the zones.  
The average maximum heat flux across all ten zones was approximately 38 kW m-2. Zone 
4 showed the highest maximum heat flux of 42.9 kW m-2 and zone 1 had the lowest 
maximum heat flux of 34.6 kW m-2.  Differences could be caused by fouling on the 
emitter or reflector, such as fingerprints, oil splatter, or corrosion of the aluminum 
reflectors.  Before any heat flux measurements were taken, gloves were used to install 
new reflectors and minimize fouling.  Emitters Zones 1 and 10 each only have one 
neighboring emitter zone, which might be a cause for the lower maximum heat fluxes 



























Figure 3.7: Heat flux profile when the emitter distance is 14.22 cm, emitter power is 
100%, and belt speed is 0.39 cm s-1.  Dotted line at approximately 38 kW m-2 indicates 
the average maximum heat flux value across all emitters.  
 
 The total energy for both 0.39 cm s-1 and 0.78 cm s-1 was calculated by estimating 
the area under the heat flux curves using the trapezoid rule (Equation 6) with (b-a) equal 
to 1 second.  This is shown in Table 3.2.  There was an increase in total energy of 
approximately 197% when reflectors were used.  When the belt speed was doubled from 
0.39 cm s-1 to 0.78 cm s-1, the total energy was cut in half, which is expected because the 
radiometer was in the radiant fryer for half the amount of time.  
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Table 3.2: Comparison of approximate total energy both with and without reflectors for 
two different belt speeds. 
 
Total Energy (kJ m-2) 
 
Reflectors No Reflectors 
0.39 cm s-1 5365 2719 
0.78 cm s-1 2683 1360 
 
 
3.2.2 Temperature Profile Measurements 
 A resulting temperature profile from the radiant frying profile used for the hash 
brown patties is seen in Figure 3.8.  The patty reached 0°C in the center after 108 s and 
quickly increased in temperature upwards of 96°C before the end of radiant frying.  The 
temperature of the center of the patty, indicated by T2, took longer to increase compared 
to the top and bottom of the patty (T1 and T3).  These temperature probes were closer to 
the bottom and top edges of the sample, which are thinner and dry out faster leading to a 
quicker increase in temperature.   
 The probes were wired and thus caused issues while feeding the probes over the 
subsequent baskets while maintaining their position in the patty.  The hash brown patties 
were thin relative to the size of the probes and once they thawed, the probes could easily 
































 ANALYTICAL MEASUREMENTS COMPARING RADIANT AND CHAPTER 4.
IMMERSION FRIED HASH BROWN PATTIES 
4.1 Materials and Methods 
4.1.1 Hash Brown Patties 
Par fried hash brown patties from Lamb’s Supreme Home Browns (Lamb Weston, 
Kennewick, WA) were used for all experimentation.  They were stored at -20°C and 
placed directly from the frozen state into either the radiant or immersion fryer.  Hash 
brown patties for all of the research were bought at the same time in order to minimize 
variability.  The color of the frozen hash brown patties varied greatly, as seen in Figure 
4.1.  The patties were sorted through before frying to eliminate any overly dark or very 
light samples.  
 
 






4.1.2 Immersion Frying 
A Faberware 2.5L stainless steel deep fryer (Spectrum Brands, Inc., Middleton, 
Wisconsin) and 60:40 Canola/palm oil blend from Cargill (Wayzata, MN) were used for 
the traditional, immersion fried samples.  The patties were finish fried based on the 
manufacturer’s instructions at 174°C for 2 min 15 s.  Fresh oil was used for every 
replicate (maximum 20 patties). 
 
4.1.3 Post-fry Temperatures 
 One surface temperature per sample was obtained using a high temperature IR 
thermometer (Model 42540, Extech Instruments, Nashua, NH).  Five core temperatures 
were taken across the sample using a K type thermocouple (Model HH12A, Omega 
Engineering, Inc., Stamford, CT).  These core temperatures were then averaged for each 
hash brown patty.  
 
4.1.4 Crust Thickness  
Digital calipers (6 in, Marathon Watch Company Ltd., Ontario, Canada) were 
used to obtain sixteen crust thickness measurements per hash brown patty.  Twenty 
patties per replicate were used.  
 
4.1.5 Moisture Content 
Moisture content was determined using AOAC Method 984.25 (AOAC, 2012).  
First, each hash brown was chopped and then 10 g of sample was placed into two 
aluminum cups.  The samples were dried in a gravimetric oven at 103°C for a minimum 
of 16 hours until constant weight was achieved.  The moisture contents of the duplicate 
samples were averaged to give the average moisture content per hash brown patty.  
Eighteen patties per replicate were used.  
 
4.1.6 Oil Content 
The oil content of each sample was performed according to AOAC Method 





moisture analysis and placed in cellulose thimbles.  Extraction occurred at 60°C for 6 
hours using petroleum ether as the solvent.  Eighteen samples were used per replicate.  
 
4.1.7 Peak Shear Force 
To determine the peak force of the patties, the TA.HD Plus Texture Analyzer 
(Texture Technologies Corporation, Scarsdales, NY/Stable Microsystems, Surrey, U.K.) 
was used.  The Kramer shear test was shown by Walter et al. (2002) to have a lower 
coefficient of variation than a puncture test for a similar product, restructured sweet 
potato fries, so it was used for this research.  A Kramer shear test with five-blade Kramer 
shear cell with a 500 kg load cell was used to determine the peak force for 20 patties per 
replicate.  The blades were driven into the sample at a speed of 1.6 mm s-1 within 5 
minutes of frying.   
 
4.1.8 Color  
A Labscan XE spectrophotometer (Hunter Associates Laboratory, Inc., Reston, 
VA) was used to determine the L*, a*, and b* values of 20 samples per replicate.  The 
center of each patty was cut to a 2-inch diameter circle.  The CIELAB color scale, D65 
illuminant, 10° observer angle, 2 inch port size, and 1.75 inch area view were used.  For 
each sample, 2 measurements per side were taken, for a total of 4 measurements.  These 
values were then averaged.  The patties were cooled to room temperature before color 
analysis.   
 
4.1.9 Mottling  
 A box consisting of two CIE source D65 lamps was constructed, similar to that 
found in Yam and Papadakis (2004).  The lamps were mounted 30.5 cm above and at a 
45° angle to the hash brown samples.  The entire interior of the box was painted black 
and covered in an opaque black cloth.  The samples were placed on white paper.  A 
digital camera (Canon PowerShot SX40 HS 12.1 megapixel, Canon U.S.A. Inc., Melvile, 
NY), with the lens located 30.5 cm above the sample, facing directly downwards was 





frying method.  The camera was set to aperture priority mode with the lens aperture at f8, 
no flash/zoom, and 1600x1200 pixels resolution.  
 A method similar to that found in Ramezani and Akbari (2009) was used to assess 
the hash browns for mottle.  It was based on the ISO/IEC 13660 (2001) standard.  All 
coding was performed in MATLAB (Version R2015a).  First, only the brown pixels were 
counted by setting a RGB (Red Green Blue) threshold.  Only the pixels that were below 
R=70, G=60, and B=30 (brown) were counted.  Each image was divided into tiles that 
were 10x10, 20x20, 30x30, 50x50, 75x75, and 100x100 pixels.  The mottle of each hash 
brown was calculated from Equation 7 used in Ramezani and Akbari (2009), where mi is 
the optical density.  The average mottle for each tile size was then taken.  
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4.1.10 Statistical Analysis 
Data was analyzed using SAS 9.4 for Windows (SAS Institute, Inc., Cary, NC).  
ProcGLM using a mixed model was employed to investigate the effect of the frying 
method on the dependent variables (moisture and oil contents, color, peak shear force, 
etc.).   
 
4.2 Results and Discussion 
 Even though all of the hash brown patties were from the same production period, 
during the experimentation period of 3 months, it was visually observed that the final 
samples coming out of the radiant fryer were lighter in color than those that were finish 
fried closer to the date of purchase.  Peak shear force values were also lower than the data 
collected near the date of purchase.  Due to this, the initial radiant profile (Table 4.1) was 
no longer producing acceptable samples and a revised profile was developed.  All of the 
data for moisture and oil content and all but one replicate of texture analysis were already 
collected using the initial profile.  To verify that the new, revised profile was similar to 
the first profile, 5 patties for both radiant and immersion frying were analyzed for 





significant difference (P > 0.05) between samples produced from the old and new radiant 
profiles.  Therefore, for all subsequent analysis, the profile in Table 4.2 was used for the 
radiant fried samples.  
 
Table 4.1: Initial radiant profile for hash brown patties. 
Zone 1 2 3 4 5 6 7 8 9 10 
% 




4.32 4.32 4.32 4.32 10.16 10.16 10.16 10.16 7.11 6.60 
Conveyor speed (cm 
s.1) 0.46   
     Number of passes 1   
      
Table 4.2: Final radiant frying profile for hash brown patties. 
Zone 1 2 3 4 5 6 7 8 9 10 
 % 




4.32 4.32 4.32 4.32 10.16 10.16 10.16 10.16 6.60 6.60 
 Conveyor speed (cm 
s-1) 0.39   
      Number of passes 1   
       
The radiant fried hash brown patties had a 14.39% higher overall average 
moisture content (58.62 vs. 50.75 g water/100g sample) and a 52.29% lower overall 
average oil content (11.68 vs. 19.95 g oil/100g sample) compared to the immersion 
samples (Table 4.3).  This is to be expected since radiant frying does not involve finish 
frying in an oil bath and allows for oil present in the par-fried samples to drip off the 





consistent with the results found in Lloyd et al. (2004), Melito and Farkas (2012), and 
Nelson et al. (2013) for radiant fried/finished products.  
 
Table 4.3: Average measured properties of immersion and radiant fried hash brown 
patties.  Different superscripts across a row indicate a significant difference (P<0.05).  
Attribute 
Radiant Immersion 
Mean SD  Mean SD 
Moisture Content  
(g water/100g 
sample) 
58.62a 1.58 50.75b  2.61 
Oil Content         
(g oil/100g 
sample) 
11.68c  1.08 19.95d  1.43 
Peak Shear Force 
(N) 241.13
e 27.1 223.18e  27.23 
L* 60.22f  1.85 57.49f  1.87 
a* 11.95g  1.10 10.53g  1.39 
b* 30.96h  3.82 37.13i  0.96  
Crust Thickness 
(mm) 1.12
j 0.14 1.23j 0.16 
Core Temperature 
(°C) 93.6
k 3.7 90.5l 3.1 
 
Peak shear force and crust thickness were not significantly different (P > 0.05) 
between samples.  This indicates that radiant frying technology is capable of producing 
samples with similar crust characteristics to traditional oil immersion frying.  The 
average peak shear force was higher for the radiant fried patties likely due to faster 
surface heating and surface drying caused by a concentration of infrared energy at the 
product’s surface, resulting in crispier crust (Melito and Farkas, 2012).  
The average core temperature of the radiant fried patties was higher than the 
immersion fried patties (93.6°C vs. 90.5°C).  Comparable surface temperature 





surface temperatures were 111.1°C and 136.4°C for radiant fried and immersion fried 
samples, respectively.  When taking the surface temperature measurements of the 
immersion samples, patties were removed from the oil bath and a surface temperature 
was immediately taken with an infrared temperature sensor.  These hash brown patties 
were observed to have bubbling on the surface at the time of the measurement.  Whereas 
in radiant frying, by the time the patties were removed from the basket at the end of the 
conveyor and the temperature was measured, any surface bubbling had ceased.  This is 
because the power of the last few zones is lower to prevent surface burning of the product.  
Pictured in Figure 4.2 are examples of finished immersion and radiant fried hash 
brown patties.  Radiant fried samples were lighter, shown by the higher average L* value 
(60.22 vs. 57.49), and redder, shown by the higher a* value (11.95 vs. 10.53), than the 
immersion hash browns, although there were no significant differences.  The immersion 
sample had a higher average b* value (37.13 vs. 30.96) indicating more yellowness in the 
immersion fried hash brown patties.  Consumers were able to perceive differences in 
appearance between the two frying methods, which will be further discussed in the 
consumer preference sensory study (Chapter 5.2.1).  Differences in color values may be 
due to variability in the par-fried product and not due to the frying technique used.  
 
 






 The radiant fried hash brown patties were significantly more mottled than the 
immersion fried hash brown patties (P < 0.05), regardless of tile size, as shown in Figure 
4.3.  The mottling decreased as the tile size increased for both frying methods, as 
expected.  By dividing the hash brown patties into larger tiles, more pixels were included 
in each average optical density, decreasing the overall variability. 
 
 
Figure 4.3: Comparison of the mottle of radiant and immersion fried hash brown patties 
with variation in tile size. 
 
 The surfaces of the hash brown patties used for this research are uneven, leading 
to mottling for both radiant and immersion samples.  The pieces of potatoes are of 
different shapes and sizes.  This might also mean that there are different moisture, oil, 
reducing sugar, and amino acid contents throughout the surface of the product.  Areas of 
the hash browns could then be drying out faster than others, increasing the temperature 
above 100°C and allowing for the Maillard reaction to occur at a faster rate.  This 
runaway radiant frying browning is similar to runaway heating that occurs in microwave 
processes.  The rate of heating at the surface increases quickly while the center of the 
food remains frozen because the rate of heating via conduction from the surface to the 
center is slower.  Differing concentrations of reducing sugars and amino acids could also 

















greater than the ideal range for the Maillard reaction lead to pyrolysis and cause burning.  
The heat flux measured for the radiant frying profile is higher than that reported for 
immersion frying: approximately 49,000-57,000 W m-2 for each of the first four radiant 
frying emitter zones versus 35,000 W m-2 as reported in Hubbard and Farkas (1999) for 
immersion frying.  The maximum surface temperature of the hash browns during 
immersion frying is that of the oil, 174°C.  Short wavelength halogen emitters can run at 
temperatures of up to 2600°C (Heraeus Noblelight, 2001), allowing for much greater 
sample surface temperatures.  It is hypothesized that radiant frying dries the surface of 
the samples faster than immersion frying and the temperatures at the surface of the hash 
browns are high enough during radiant frying to cause pyrolysis and the more burnt, 
mottled appearance.  The CDR fryer used in this research allows for more controlled 
heating through adjustments in the distance and power of each emitter zone as well as the 
emitter type and these setting could be further optimized to reduce the occurrence of 
mottling.   
 Matching the appearance of immersion frying has been a challenge for the radiant 
frying technology.  Results from previous consumer studies comparing radiant and 
immersion frying (Nelson et al. (2013), Lloyd et al. (2004)) showed radiant fried foods 
scored lower in appearance ranking compared to immersion frying.  The “spotted” or 
more mottled appearance of radiant fried food products could be a major contributing 
factor to this.  More consumers specifically mentioned the appearance of the radiant fried 
hash browns compared to the immersion fried samples in written comments for the 
sensory evaluation study that is discussed in Chapter 5. Applying the mottling evaluation 
of this work could prove useful for future radiant frying consumer studies by allowing 
researchers to choose radiant frying profiles that produce samples without a significant 






 SENSORY EVALUATION STUDIES CHAPTER 5.
5.1 Materials and Methods 
5.1.1 Sensory Evaluation 
Two sensory studies were conducted to compare radiant and immersion fried hash 
brown patties.  For the first study, panelists (n=101) were asked to rate the degree of 
liking regarding appearance, color, flavor, crispness, oiliness, and overall liking on a 9-
point hedonic scale as well as crispness, oiliness, and purchase intent on a 5-point just 
about right (JAR) scale.  The 9-point hedonic scale is widely used for sensory evaluations 
and provides choices that are at equal intervals to allow for statistical analysis (Lawless 
and Heymann, 2010).  The JAR scale is also popular because it provides information that 
can be used by product developers to further optimize their products (Lawless and 
Heymann, 2010).  The panelists were also asked which sample they preferred using 
paired preference and to also comment on likes and dislikes.  For both of the samples 
(immersion and radiant), each panelist was given one-quarter of a hash brown patty.  
Samples were kept under a heat lamp from the end of frying until given to panelists for a 
maximum of 5 minutes.  The first sample presented was randomized.  Panelists were 
asked to refer to a separate set of whole hash brown patty samples for the appearance 
question.  Water was given in order for the panelists to rinse their palates between 
samples.  Once the questionnaire was completed, panelists were able to select a snack 
food as a reward.  
The second study was a descriptive analysis study with modification from QDA.  
The panel consisted of seven semi-trained Purdue University Food Science graduate 
students.  Five consecutive days of 2-hour trainings were held.  On the first day, panelists 
generated a list of descriptors for the appearance, aroma, flavor, and texture of the patties.  





On the second day, reference products and ingredients for each of the descriptors were 
given to the panelists to align them on the definitions of their chosen terms.  On the 
remaining days, the panelists used a 15 cm unstructured line scale to rate the intensity of 
the attributes (descriptors) in the samples.  A decision on the order of evaluation and 
definition for each attribute was also made.  In the following week, panelists individually 
evaluated the samples for each of the descriptors on the line scale they were trained on.  
Prior to both sensory evaluations, approval was obtained from the Purdue University 
Institutional Review Board (Protocol #1312014329).  
 
5.1.2 Statistical Analysis  
Compusense 5.4 (Compusense Inc., Ontario, Canada) was used to analyze the 
sensory data through the use of ANOVA.  
 
5.2 Results and Discussion 
5.2.1 Consumer Sensory Test  
All of the degree of liking attributes showed a significant difference (P < 0.05) 
between frying methods, except for flavor liking and overall liking, as shown in Table 5.1.  
Immersion fried samples scored higher on the 9-point hedonic scale for appearance, color, 
and crispness liking, while the radiant fried samples scored higher for oiliness liking.  
Approximately 30 panelists wrote comments on the appearance of the radiant fried patties, 
mentioning that the cooking seemed less even and had some burnt spots while only one 
panelist commented on the appearance of the immersion patty.  These comments align 
with the results of the mottling evaluation, which showed that the radiant fried hash 
browns were significantly more mottled than the immersion hash browns.  Previous 
consumer tests of radiant fried products showed similar results for appearance and 
crispness.  The appearance of the immersion chicken patties was significantly preferred 
by consumers (Nelson et al., 2013) and, while there was no significant difference, the 
immersion French fries had a higher overall appearance score in Lloyd et al. (2004).  
Panelists noted a higher crispness intensity of immersion fried French fries (Lloyd et al., 





Table 5.1: Degree of liking results comparing immersion and radiant fried hash brown 
patties using a 9-point hedonic scale where 9=like extremely and 1=dislike extremely 
(N=101).  Different letters across a row, shown in parentheses, indicate a significant 
difference (P<0.05). 
Attribute  Radiant Immersion 
Appearance Liking 6.72 ± 1.21(a) 7.72 ± 1.02 (b) 
Color Liking 6.79 ± 1.29 (c) 7.78 ± 0.934 (d) 
Flavor Liking  6.97 ± 1.40 (e) 6.98 ± 1.70 (e) 
Crispiness Liking 6.72 ± 1.53 (f)  7.52 ± 1.29 (g) 
Oiliness Liking 6.39 ± 1.69 (h) 4.78 ± 1.80 (i) 
Overall Liking 6.75 ± 1.25 (j) 6.81 ± 1.55 (j) 
 
There was a significant difference (P < 0.05) in crispness and oiliness using the 5-
point JAR scale (Table 5.2).  The immersion sample had an average rating of 2.76, while 
the radiant sample averaged 2.35 for crispness.  For the immersion hash brown patty, 
71.3% of panelists thought it had just about the right amount of crispness, compared to 
only 38.6% for the radiant fried hash brown patty.  Over one third of panelists 
commented that the radiant sample was not crisp enough or was soggy, which may be 
due to its higher moisture content compared to the immersion sample.  The radiant patties 
received better ratings on the oiliness JAR scale, with an average score of 3.30 compared 
to 4.17 for the immersion sample.  When comparing the oiliness of the samples, 66.3% of 
panelists thought the radiant sample’s oiliness was JAR while only 12.9% of panelists felt 
the same for the immersion sample.  In addition, over two thirds of panelists mentioned 






Table 5.2: Results from the 5-point JAR and purchase intent scales comparing radiant and 
immersion fried hash brown patties (N=101).  Different letters across a row, shown in 
parentheses, indicate a significant difference (P<0.05). 
Attribute  Radiant Immersion 
Crispness1 2.35 ± 0.699 (a) 2.76 ± 0.619 (b) 
Oiliness2 3.30 ± 0.609 (c) 4.17 ± 0.722 (d) 
Purchase Intent3 3.28 ± 0.971 (e) 3.31 ± 1.11 (e) 
1 5=much too crisp, 4=slightly too crisp, 3=just about right, 2=slightly not crisp enough, 
1=definitely not crisp enough 
2 5=much too oily, 4=somewhat too oily, 3=just about right, 2=somewhat not oily enough, 
1=definitely not oily enough 
3 5=definitely would purchase, 4=probably would purchase, 3=may or may not purchase, 
2=probably would not purchase, 1=definitely would not purchase  
 
No significant difference (P > 0.05) was found for purchase intent (Table 5.2).  
Out of the 101 panelists, 48.5% would purchase the immersion product and 50.5% would 
purchase the radiant product.  When asked, “If you knew this product had up to 50% less 
fat compared to the typical fast food hash brown, would you be more likely to purchase 
it,” 81.2% responded yes.  This shows that the oil reduction obtained using radiant frying 
may be an important factor to consumers when making purchase decisions.  
 Consumers also showed no significant difference (P > 0.05) in preference 
between the radiant or immersion fried hash brown.  In this study, 51 panelists preferred 
the radiant fried product and 50 preferred the immersion fried product.  This result agrees 
with previous studies comparing oil immersion and radiant fried samples.  There was no 
significant difference in overall acceptability of French fries (Lloyd et al., 2004) or 
donuts (Melito and Farkas, 2012) and no significant difference in overall preference of 
chicken patties (Nelson et al., 2013).  
 Results from both the analytical measurements and the consumer sensory test 
suggest that a radiant fried hash brown patty is comparable to an immersion fried patty.  





appearance/color of the radiant fried hash browns.  This will be further discussed in 
future work and recommendations (Chapter 7).  
 
5.2.2 Descriptive Analysis  
In order to examine the appearance of the hash brown samples, overall color and 
color uniformity were chosen as the attributes (Table 5.3).  For overall color, panelists 
used a gradient of paint chips as the standards.  The order of colors from lightest to 
darkest was mimosa, peach dip, lion’s mane, ginger spice, and tampico brown (Pittsburgh 
Paints and Stains, Pittsburgh, PA). In order to evaluate color uniformity, cardstock was 
cut to the shape of the hash brown patty and a 1-inch by 1 inch square was cut out of the 
center.  The panelists compared the amount of light particles to dark particles on each 
sample.  The lower bound related to 100% light particles, the mid-point was a 50/50 ratio 
of light to dark particles, and the upper bound was 100% dark particles.  
Table 5.3 Descriptors generated by semi-trained panelists for immersion and radiant fried 
hash brown patties. 
Attribute Descriptors 




Aroma Oil Potato Onion 
Flavor Potato Onion Fried 
Texture Crispy Flaky Oily Mouthfeel 
 
Aroma attributes included oil aroma, potato aroma, and onion aroma.  The oil 
aroma scale ranged from no detectable oil, to old oil (that which was used to fry 
approximately 20 patties), to really used oil (used to fry approximately 20 patties and 
sitting in a waste container for three months).  For the onion aroma attribute scale, yellow 
onions were diced and cooked in a soy-Canola blend (Cargill, Wayzata, MN) to three 
different levels: translucent, medium (browned), and blackened.  Russet potato slices 
were pan cooked in the same oil blend to 3 different levels: light (barely any color), 





The flavor attributes used were potato flavor, onion flavor, and fried flavor.  The 
potato flavor scale ranged from “none”, to potato flakes (Idaho Spuds, Walnut Creek, CA) 
at 25% of the line, to lightly cooked French fry (Extra Crispy Fast Food Fries, Ore-Ida, 
H.J. Heinz Company, Pittsburgh, PA, 450°F, 10 min).  Onion powder (Tone’s, Ankeny, 
Iowa), caramelized onion (medium onion used for aroma), and burnt onion (blackened 
onion used for aroma) were the reference standards for onion flavor.  Panelists described 
a “fried” flavor as another attribute of the potato samples and the closest reference was 
determined to be a funnel cake (Deen, 2015) fried in the soy-Canola blend at 350°F for 3 
min.  
The panelists discussed onion attributes for both aroma and flavor during the 
initial descriptor generation session.  It should be noted that onion does not appear in the 
ingredients declaration for the hash brown patties, but could be part of the “natural 
flavors” listed on the ingredient declaration.  Separate oil was used to fry the hash brown 
samples and the onion reference standards.  The hash browns were fried in oil and deep 
fryers separate from the ones used for any of the reference standards, stored frozen until 
ready to be fried, and kept in Styrofoam containers for a minimal amount of time until 
ready for consumption.  Therefore it is unlikely that these flavors are due to 
contamination from the onion standards.  
Crispy texture, flaky texture, and oily mouthfeel were the texture attributes 
evaluated.  Less cooked French fry (same as the ones used for flavor) and fish stick (Van 
de Kamp's Crunchy Fish Sticks cooked at 475°F for 15 min, Pinnacle Foods Group LLC, 
Parsippany-Troy Hills, NJ) were the lower and upper bounds for crispy texture.  Flaky 
texture references were mashed potatoes (made according to package directions, Idaho 
Spuds, Walnut Creek, CA) and the inside of a fish stick.  For oily mouthfeel, white bread 
(Wonderbread, Flowers Foods, Thomasville, GA) was sprayed with vegetable oil spray 
(Great Value Brand, Bentonville, AR) and pan cooked at medium heat until browned, 
deep fried at 350°F for 2.5 minutes in the soy-Canola oil blend, or soaked in oil and pan 






Figure 5.1: Attribute unstructured line scales used for descriptive analysis (I). 
  
 






Figure 5.3: Attribute unstructured line scales used for descriptive analysis (III). 
 
Similar attributes were used for other studies on fried potato products.  Panelists 
evaluated the sensory properties of crisps and French fries fried in sunflower oil, high 
oleic sunflower oil, palm olein, and a hydrogenated rapeseed/palm oil mixture (van 
Gemert, 1996) and they used attributes such as raw, boiled or fried potato, rancid, 
frying/old oil, and fresh/old to describe the odor of the samples.  For the mouthfeel 
description crispy, mushy/smooth to lumpy, greasy/oily, fatty, and crumbling were 
attributes similar to those in this research.  Burnt, potato, fried potato, deep frying fat, 
vegetable oil, rancid, fresh to old, and oily were similar attributes for flavor. 
On day 6, the reference standards were removed and the panelists were asked to 
evaluate the samples using all of the developed attribute scales.  This was done to assess 
if they had adequate training or if additional training was needed.  Panelists were unable 
to come to a consensus on all of the attributes once the reference standards were removed 
and they were forced to recall the standards from memory.  This suggests that the 






Since additional training was not possible at the current time due to panelist 
availability and funding, the descriptive analysis portion of this project is incomplete and 
a future study should be conducted.  This should include additional training sessions and 
a reduction in the number of attributes being examined so that the number of attribute 
evaluations does not overwhelm the panelists.  It is suggested that appearance and texture 
be a focus, since those were areas where the radiant fried samples scored significantly 
lower than the immersion fried samples in the consumer sensory test.  In order to have a 
successful panel, daily panelist training over the course of a few weeks or months may be 
necessary (Lawless and Heymann, 2010).  Also, panelists should be screened for ability 
to discriminate textural differences prior to training (Lawless and Heymann, 2010).  This 





 SUMMARY CHAPTER 6.
Two frying methods, traditional immersion frying and an alternative frying 
method, radiant frying, were compared using hash brown patties as the model food 
matrix.  Using a radiometer, the heat flux profile a hash brown patty is exposed to during 
radiant frying was measured.  The heat flux profile was collected at two different belt 
speeds, both with and without the use of reflectors, and with all zones at 100% power.  
When reflectors were used, the average total power was increased by 197%.  A 25% 
increase to the measured heat flux of a single emitter was shown when neighboring 
emitters on either side were at 100% power.  The average maximum heat flux measured 
was 38 kW m-2 when all ten zones were at 100% power.  The temperature profile of a 
hash brown patty during radiant frying was also collected.  Properties including moisture 
content, oil content, peak shear force, CIE-Lab values, crust thickness, and core 
temperatures were measured.  The radiant fried patties had a 14.39% higher average 
moisture content and 52.29% lower average oil content compared to the immersion 
patties. No significant differences between frying methods were found in peak shear 
force, L*, a*, and crust thickness.  The immersion hash browns were more yellow in 
color, as shown by a higher b* value, and had a lower average core temperature, 90.5°C 
versus 93.6°C for radiant frying.  Radiant fried hash browns were significantly more 
mottled than immersion fried hash browns for all tile sizes (10x10, 20x20, 30x30, 50x50, 






A consumer panel (n=101) found no significant difference (P > 0.05) in overall 
preference, purchase intent, overall liking, and flavor liking between hash browns fried 
using the two different techniques.  Immersion fried hash brown patties scored 
significantly higher (P < 0.05) for appearance, color, and crispness liking, while radiant 
fried samples scored significantly higher for oiliness liking. The 5-point JAR scales for 
crispness and oiliness also showed significant differences (P < 0.05).  For crispness, 71.3% 
of panelists indicated that the immersion patties were JAR, while only 38.6% said the 
radiant samples were JAR.  Likewise, 66.3% of panelists found the oiliness of the radiant 
fried patties to be JAR and only 12.9% considered the immersion samples to be JAR in 
regards to oiliness.  
Descriptors for the appearance (overall color, color uniformity), aroma (oil, potato, 
onion), flavor (potato, onion, fried), and texture (crispy, flaky, oily mouthfeel) were 
generated by a semi-trained panel.  Panelists used reference food materials to rank 
immersion and radiant fried hash brown patties on a 15 cm unstructured line scale.  
Unfortunately, panelists were not able to come to a consensus when ranking the samples 
without the references in front of them and additional training was not possible due to 






 RECOMMENDATIONS FOR FUTURE WORK AND CONCLUSIONS CHAPTER 7.
7.1 Recommendations for Future Work 
Further work should be done to reduce the radiant frying cook time of hash brown 
patties to make it more comparable to immersion frying.  Adjustments to the power and 
distance of each emitter zone, as well as adjusting the conveyor belt speed, could be 
made to more closely match the immersion frying time.  Another option would be to have 
a two-step process consisting of microwaving followed by radiant frying.  The 
microwaving step would partially thaw the product, allowing for the radiant frying 
process to focus on the crust and color development.  This could decrease the processing 
time needed for radiant frying.  This microwave combination technique has been shown 
to be successful for other frying methods, such as vacuum frying (Su et al. (2016), Quan 
et al. (2014)).  
Modeling the radiant frying process for the FryLess 100K could be completed in 
order to have the ability to predict a radiant profile (belt speed as well as powers and 
distances of emitters) based on the characteristics of the product, such as geometry, 
surface properties, composition (moisture, oil, and reducing sugar contents), and desired 
core and crust temperatures.  This would serve as a starting point for new products and 
then hopefully only minor adjustments would be needed to optimize the appearance and 
final temperatures.  
A product with optimized initial surface characteristics for radiant frying should 
be developed to improve the final appearance of the hash brown patty.  The hash brown 
patties used for this research had very uneven surfaces and the pieces of potato were of 
different shapes and sizes.  This likely caused differences in key properties such as 





samples leading to increased mottling.  A sample could be developed to optimize the 
crust development and amount of browning that occurs.  
 Additional in depth sensory evaluations should be conducted.  Color and 
appearance of radiant fried samples have scored lower in this research and previous 
studies (Lloyd et al. (2004), Nelson et al. (2013), Melito and Farkas (2012)).  A more 
thorough consumer sensory evaluation should be performed to evaluate which aspects of 
color and appearance the consumer prefers.  Further adjustments could then be made to 
the radiant fried profile and product formulation to better mimic the immersion fried 
samples.  Also, consumers should evaluate additional radiant fried food samples in order 
to confirm the viability of radiant frying as an alternative frying method.  Another 
descriptive analysis panel should be executed.  It would be preferred that the panelists 
have previous trained panel experience, especially in fried foods and texture analysis.  
Panelists should be screened in order to determine if they are capable of discriminating 
between texture characteristics of interest.  Non-fried food standards should be used for 
the sensory attributes, if possible, in order to ensure consistency from training day to 
training day.  There should also be more than the five training sessions used in this 
research, if necessary, as this was not enough time for the panelists to learn how to 
consistently rank the immersion and radiant fried samples. 
The aromatic compounds that contribute to the fried and cooked potato flavors 
described by the descriptive analysis panelists could also be quantified.  Isomers of 2,4-
decadienal contribute to fried food odors and methional causes fried food and boiled 
potato odors (Frankel, 2014).  Earthy and nutty aromas (2-ethyl-3-methylpyrazine) and 
baked potato and buttery notes (2-ethyl-6-vinylpyrazine) result from the Maillard reaction 
(Marsili, 2010).  Gas Chromatography-Olfactometry could be used to compare the 




 In this research, radiant frying has been shown to produce hash brown patties with 





oil content.  Consumers showed no significant difference for overall liking or preference 
between the two frying methods.  With further work that explores optimization of the 
radiant profile and hash brown product, through both product development and consumer 
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Appendix A Statistical Analysis Code 
data hashbrown; 
input trt rep moist oil crust l a b force surface core @@; 
datalines; 
0 1 53.75 15.79 1.20 54.74 13.09 38.68 217.4120 133.8 88 
0 1 47.41 19.31 1.12 55.75 12.55 38.79 248.4576 150.6 94 
0 1 48.67 21.93 0.93 57.41 11.27 37.21 209.4665 145.4 97 
0 1 49.45 21.17 1.15 59.61 9.14 37.30 259.0885 144.1 92 
0 1 50.42 20.53 1.35 57.38 11.07 37.81 265.7160 135.8 90 
0 1 50.29 19.46 1.32 57.55 11.07 37.50 196.9965 135 92 
0 1 51.61 19.25 1.28 59.68 8.78 35.76 234.4064 143.1 87 
0 1 52.93 22.79 1.09 60.79 8.08 36.45 275.8871 147 96 
0 1 52.35 19.24 1.41 56.85 11.50 37.82 207.7283 146.3 86 
0 1 50.81 19.83 1.52 57.57 10.34 37.18 263.7984 144 91 
0 1 53.36 18.53 1.15 56.63 11.27 37.73 228.0369 143.2 88 
0 1 53.90 16.22 1.24 57.19 11.28 38.08 234.4962 140.2 89 
0 1 52.04 17.48 1.23 56.13 11.68 38.16 269.0465 138.6 84 
0 1 50.92 19.48 1.23 63.32 6.42 34.43 225.5250 132.8 90 
0 1 50.90 19.42 1.10 55.36 12.58 38.39 220.8624 133.9 90 
0 1 49.66 20.72 1.44 54.66 12.59 38.29 199.7439 124.4 92 
0 1 52.90 19.85 1.27 57.58 11.28 38.43 292.1474 118.5 89 
0 1 51.33 19.91 1.27 57.32 10.50 38.02 268.5307 120.8 83 






0 1 . . 1.32 56.86 10.95 38.12 213.3578 . . 
0 2 50.88 19.18 1.06 59.16 9.76 37.35 203.8451 133.4 91 
0 2 49.17 20.88 1.20 60.00 9.19 36.83 225.0731 128.9 88 
0 2 49.01 20.10 1.12 57.73 10.56 37.38 245.0929 134.3 90 
0 2 46.81 19.77 1.21 56.33 11.38 37.26 193.4118 .143.3
 88 
0 2 49.88 20.57 1.33 57.21 10.72 37.56 204.5565 145.3 93 
0 2 46.09 22.17 1.42 56.42 11.27 38.07 199.7802 138.5 87 
0 2 49.64 20.39 1.29 57.68 10.46 36.83 173.6630 130.8 94 
0 2 51.46 19.28 1.31 57.49 10.14 36.40 225.7619 126 89 
0 2 62.17 21.77 1.07 57.53 10.42 36.34 220.6468 151.5 92 
0 2 52.84 19.37 1.40 58.24 9.47 36.15 187.9128 130 83 
0 2 48.63 21.31 1.34 56.58 11.10 37.47 196.5734 130.6 91 
0 2 50.20 19.31 1.26 55.78 11.37 37.59 232.0964 149.8 89 
0 2 55.35 17.23 1.31 59.35 9.07 35.78 209.9990 136.4 94 
0 2 51.36 20.05 1.16 58.34 9.69 36.24 213.3074 135 88 
0 2 51.84 19.49 1.50 59.70 8.61 36.68 211.9524 139.7 88 
0 2 50.46 19.59 1.18 60.45 8.18 35.75 185.1351 134.2 89 
0 2 50.71 18.55 1.37 59.45 8.57 36.41 211.3201 120.8 92 
0 2 50.62 19.91 1.46 57.52 9.85 36.23 265.1917 129.7 87 
0 2 . . 1.37 58.49 9.86 36.97 194.4167 . . 
0 2 . . 1.35 56.97 10.35 37.33 219.7548 . . 
0 3 48.21 20.26 1.02 54.68 12.38 37.72 221.2492 140.7 93 
0 3 47.50 21.39 0.96 60.60 8.04 34.99 215.9817 145.3 92 
0 3 50.52 21.21 1.15 53.64 13.36 38.26 221.3053 139 87 
0 3 44.98 21.95 1.28 57.09 11.55 38.92 192.3448 149 96 
0 3 48.21 20.95 1.32 60.52 8.96 36.85 232.9500 125.3 96 
0 3 48.77 19.52 1.02 56.56 10.97 36.99 226.5953 133.5 90 
0 3 47.66 20.41 0.98 58.14 10.03 37.28 251.7379 136.1 91 
0 3 50.03 21.43 1.13 57.57 10.98 37.96 254.7151 147.2 90 
0 3 50.96 21.63 1.22 54.96 12.62 38.57 218.0215 133.6 93 
0 3 53.78 17.21 1.03 57.96 10.05 35.81 200.1005 144 86 
0 3 49.54 20.79 1.86 56.49 11.31 37.06 164.5948 133.9 91 
0 3 50.70 21.12 1.15 56.17 11.45 37.63 246.0853 134.2 86 
0 3 51.23 21.11 1.22 60.64 8.40 36.43 219.0301 131.2 86 
0 3 51.38 19.35 0.94 57.69 9.78 35.70 203.5188 114.6 88 






0 3 53.36 18.50 1.19 56.20 11.19 36.72 214.9842 140.8 87 
0 3 49.93 21.41 1.18 57.51 10.80 36.42 248.2259 130.1 93 
0 3 52.49 19.54 1.00 55.13 10.94 35.84 186.3712 137.6 85 
0 3 . . 1.27 57.64 10.15 37.07 232.9052 . . 
0 3 . . 1.21 53.70 12.53 37.34 226.8062 . . 
0 4 . . . . . . . 123.2 86 
0 4 . . . . . . . 130.3 91 
0 4 . . . . . . . 135.5 87 
0 4 . . . . . . . 128 85 
0 4 . . . . . . . 130 91 
0 4 . . . . . . . 127.2 90 
0 4 . . . . . . . 129.4 87 
0 4 . . . . . . . 136.5 90 
0 4 . . . . . . . 109.5 88 
0 4 . . . . . . . 143.5 91 
0 4 . . . . . . . 121.6 90 
0 4 . . . . . . . 129.7 89 
0 4 . . . . . . . 138.1 92 
0 4 . . . . . . . 129.3 87 
0 4 . . . . . . . 131.7 91 
0 4 . . . . . . . 130.6 84 
0 4 . . . . . . . 136.2 93 
0 4 . . . . . . . 142 90 
0 4 . . . . . . . 134.6 92 
0 4 . . . . . . . 147 90 
0 5 . . . . . . . 132.7 85 
0 5 . . . . . . . 136.4 92 
0 5 . . . . . . . 146.1 92 
0 5 . . . . . . . 140.3 88 
0 5 . . . . . . . 132.2 90 
0 5 . . . . . . . 146.7 91 
0 5 . . . . . . . 132.8 89 
0 5 . . . . . . . 123.1 91 
0 5 . . . . . . . 123.2 88 
0 5 . . . . . . . 130.5 86 
0 5 . . . . . . . 139.8 86 






0 5 . . . . . . . 139.2 87 
0 5 . . . . . . . 131.6 91 
0 5 . . . . . . . 134.2 93 
0 5 . . . . . . . 136.1 86 
0 5 . . . . . . . 129.1 91 
0 5 . . . . . . . 132.7 88 
0 5 . . . . . . . 145.3 92 
0 5 . . . . . . . 139.5 86 
0 6 . . . . . . . 137.8 87 
0 6 . . . . . . . 144 91 
0 6 . . . . . . . 123.2 91 
0 6 . . . . . . . 134 91 
0 6 . . . . . . . 136.8 90 
0 6 . . . . . . . 142.1 91 
0 6 . . . . . . . 140 92 
0 6 . . . . . . . 132.2 92 
0 6 . . . . . . . 128.8 89 
0 6 . . . . . . . 129.6 91 
0 6 . . . . . . . 128.2 86 
0 6 . . . . . . . 133.5 92 
0 6 . . . . . . . 122.2 94 
0 6 . . . . . . . 143.6 94 
0 6 . . . . . . . 140.6 94 
0 6 . . . . . . . 146.2 91 
0 6 . . . . . . . 134 90 
0 6 . . . . . . . 136.7 91 
0 6 . . . . . . . 135 91 
0 6 . . . . . . . 135.4 92 
0 7 . . . . . . . 134.1 93 
0 7 . . . . . . . 140.8 88 
0 7 . . . . . . . 139.7 93 
0 7 . . . . . . . 129.7 96 
0 7 . . . . . . . 127.4 95 
0 7 . . . . . . . 143.3 89 
0 7 . . . . . . . 136.9 92 
0 7 . . . . . . . 135.6 94 






0 7 . . . . . . . 130.5 94 
0 7 . . . . . . . 138 89 
0 7 . . . . . . . 142.2 93 
0 7 . . . . . . . 128.3 88 
0 7 . . . . . . . 146.5 90 
0 7 . . . . . . . 139.8 92 
0 7 . . . . . . . 143.4 95 
0 7 . . . . . . . 140.5 93 
0 7 . . . . . . . 137.7 92 
0 7 . . . . . . . 129.8 92 
0 7 . . . . . . . 128.5 90 
0 8 . . . . . . . 143.6 92 
0 8 . . . . . . . 137.8 94 
0 8 . . . . . . . 131.3 97 
0 8 . . . . . . . 143.7 90 
0 8 . . . . . . . 144 90 
0 8 . . . . . . . 138.3 91 
0 8 . . . . . . . 145.2 88 
0 8 . . . . . . . 138.5 92 
0 8 . . . . . . . 150.3 93 
0 8 . . . . . . . 146.1 97 
0 8 . . . . . . . 145.4 97 
0 8 . . . . . . . 135.2 96 
0 8 . . . . . . . 149.8 98 
0 8 . . . . . . . 138.2 95 
0 8 . . . . . . . 121 91 
0 8 . . . . . . . 147.6 85 
0 8 . . . . . . . 139.4 92 
0 8 . . . . . . . 143.1 96 
0 8 . . . . . . . 133.5 93 
0 8 . . . . . . . 146.3 93 
0 9 . . . . . . . 138.9 91 
0 9 . . . . . . . 132.6 97 
0 9 . . . . . . . 135 86 
0 9 . . . . . . . 140.6 86 
0 9 . . . . . . . 151.7 92 






0 9 . . . . . . . 140.5 86 
0 9 . . . . . . . 130.3 98 
0 9 . . . . . . . 141.2 92 
0 9 . . . . . . . 149.7 92 
0 9 . . . . . . . 144.6 91 
0 9 . . . . . . . 134.1 90 
0 9 . . . . . . . 136.3 90 
0 9 . . . . . . . 143.3 89 
0 9 . . . . . . . 140.2 90 
0 9 . . . . . . . 125.8 91 
0 9 . . . . . . . 138.5 91 
0 9 . . . . . . . 136.8 91 
0 9 . . . . . . . 130.3 93 
0 9 . . . . . . . 128.4 91 
1 1 59.47 11.41 1.26 64.39 9.82 30.24 229.0534 101.8 88 
1 1 57.83 11.80 1.20 60.15 12.45 31.95 226.5443 140.5 91 
1 1 56.87 10.59 1.13 56.48 14.10 31.83 209.8321 115 93 
1 1 56.55 12.98 0.89 57.67 13.28 31.65 232.0441 104.8 95 
1 1 60.60 9.50 1.21 63.33 10.27 30.35 254.3121 103.8 90 
1 1 58.58 12.08 1.12 58.31 13.65 32.65 228.9077 104.1 89 
1 1 57.92 11.10 1.00 61.00 11.73 31.39 196.6254 151.8 95 
1 1 58.51 10.41 1.03 58.55 13.19 32.00 239.7617 108.6 89 
1 1 58.60 11.00 1.27 60.79 11.80 31.64 207.1214 103.2 90 
1 1 59.47 9.96 1.12 63.43 10.24 30.56 223.8672 102.7 89 
1 1 58.86 13.00 1.08 58.51 13.07 32.01 232.6601 101.7 91 
1 1 59.94 10.87 1.04 56.74 14.43 33.07 205.486 106.1 92 
1 1 58.60 11.44 1.00 59.12 12.94 32.34 269.6017 101.7 89 
1 1 57.15 12.02 1.21 58.73 12.49 31.42 237.1294 110.2 95 
1 1 58.89 10.24 0.99 63.06 9.88 30.36 267.5295 105.3 91 
1 1 59.44 11.79 0.93 62.50 10.54 31.20 228.2469 100.2 89 
1 1 61.18 10.24 1.13 60.43 11.46 30.93 235.4604 111.7 88 
1 1 58.07 11.15 1.03 58.15 13.07 31.79 228.2917 104.5 91 
1 1 . . 1.10 61.78 10.96 30.59 240.2097 . . 
1 1 . . 0.99 59.40 12.43 31.33 234.2619 . . 
1 2 57.71 12.69 1.16 60.41 12.09 30.88 260.1532 108.1 87 
1 2 56.50 11.92 1.11 60.95 11.77 31.36 225.1222 104.1 93 






1 2 58.65 13.13 1.06 61.62 11.45 31.50 195.0477 114.5 90 
1 2 57.94 11.83 1.10 62.46 10.68 31.29 197.2966 114.6 88 
1 2 58.22 14.28 1.10 63.25 10.03 29.93 255.9351 112.7 90 
1 2 54.79 12.94 0.98 61.65 11.19 30.61 266.7991 127.3 91 
1 2 55.76 12.25 1.03 60.96 11.63 31.02 232.708 100.7 93 
1 2 58.20 12.59 1.26 62.31 11.20 31.20 209.5815 105 92 
1 2 56.60 13.09 1.10 61.05 11.94 31.82 224.6523 113.7 91 
1 2 58.55 12.35 1.30 61.31 11.54 31.43 218.8455 93.5 90 
1 2 57.95 11.70 1.34 60.53 12.25 31.90 230.9066 106.1 90 
1 2 56.96 12.21 1.20 60.27 12.26 31.83 258.7994 114.1 89 
1 2 60.34 11.41 1.02 58.26 13.36 31.70 236.1988 109.5 90 
1 2 53.74 13.87 1.21 59.63 12.55 31.26 213.7548 102.3 93 
1 2 59.87 11.56 1.18 59.43 12.31 31.23 205.1285 98.2 88 
1 2 57.78 11.79 1.23 60.28 11.76 31.24 274.8548 102.8 89 
1 2 60.04 12.30 1.21 60.75 11.20 30.19 254.9953 111.6 93 
1 2 . . 1.22 58.03 13.12 31.80 278.8266 . . 
1 2 . . 1.11 61.05 11.73 31.36 247.3312 . . 
1 3 59.99 11.59 1.02 58.95 12.39 2.39 273.6325 112 85 
1 3 56.76 13.08 0.85 60.33 11.61 31.74 236.3246 106.1 91 
1 3 59.44 11.03 1.08 59.68 12.35 32.42 247.4889 112.7 88 
1 3 58.34 12.43 1.02 57.29 13.51 33.89 218.63 104.3 91 
1 3 59.70 11.60 0.84 59.23 12.24 31.80 220.7731 118.1 90 
1 3 60.44 10.55 0.99 56.11 14.31 31.96 237.5925 106.2 92 
1 3 59.83 11.23 0.93 60.71 11.61 31.61 235.887 106.3 90 
1 3 61.44 11.19 1.10 58.62 12.11 31.41 309.9081 107.9 88 
1 3 56.50 13.11 1.04 58.81 12.52 31.83 241.3513 97.8 90 
1 3 60.22 9.84 1.22 58.43 12.70 32.31 252.6054 114.3 88 
1 3 59.17 11.89 1.15 59.18 12.26 31.01 247.4328 98.4 89 
1 3 59.57 10.56 1.30 59.12 12.49 32.08 267.0461 86.6 89 
1 3 59.34 11.31 1.28 60.91 11.58 31.46 250.3613 107.9 92 
1 3 58.85 13.28 1.46 59.99 11.96 31.79 224.9246 105.3 93 
1 3 60.32 11.19 1.54 63.34 9.62 30.14 237.1325 121.6 94 
1 3 59.35 11.74 1.21 60.73 10.78 30.18 309.1676 100 87 
1 3 59.94 11.06 1.28 61.69 10.72 30.85 243.5934 111.7 91 
1 3 59.37 11.21 1.22 59.39 12.15 31.56 300.9542 116 89 
1 3 . . 0.94 60.50 12.04 31.79 318.5591 . . 






1 4 . . . . . . . 102.5 95 
1 4 . . . . . . . 100.7 95 
1 4 . . . . . . . 108.7 87 
1 4 . . . . . . . 102 94 
1 4 . . . . . . . 103.5 94 
1 4 . . . . . . . 103.9 91 
1 4 . . . . . . . 110.8 94 
1 4 . . . . . . . 119.5 91 
1 4 . . . . . . . 101.1 93 
1 4 . . . . . . . 113.8 97 
1 4 . . . . . . . 109.9 95 
1 4 . . . . . . . 111.8 90 
1 4 . . . . . . . 113.1 95 
1 4 . . . . . . . 120.1 98 
1 4 . . . . . . . 113.9 91 
1 4 . . . . . . . 120 90 
1 4 . . . . . . . 105.6 98 
1 4 . . . . . . . 103.6 98 
1 4 . . . . . . . 101.3 87 
1 4 . . . . . . . 103.4 84 
1 5 . . . . . . . 114.5 96 
1 5 . . . . . . . 124 97 
1 5 . . . . . . . 105.3 92 
1 5 . . . . . . . 115.2 96 
1 5 . . . . . . . 107.9 98 
1 5 . . . . . . . 111.9 97 
1 5 . . . . . . . 106 96 
1 5 . . . . . . . 112.8 94 
1 5 . . . . . . . 119 96 
1 5 . . . . . . . 120.7 97 
1 5 . . . . . . . 115.3 88 
1 5 . . . . . . . 104.2 81 
1 5 . . . . . . . 124.2 96 
1 5 . . . . . . . 121.9 97 
1 5 . . . . . . . 124.2 97 
1 5 . . . . . . . 113.9 97 






1 5 . . . . . . . 111.5 96 
1 5 . . . . . . . 106.8 96 
1 5 . . . . . . . 118.9 97 
1 6 . . . . . . . 105.2 93 
1 6 . . . . . . . 126.7 95 
1 6 . . . . . . . 93.8 92 
1 6 . . . . . . . 109.5 96 
1 6 . . . . . . . 131.5 92 
1 6 . . . . . . . 111.6 95 
1 6 . . . . . . . 115.9 96 
1 6 . . . . . . . 126.8 97 
1 6 . . . . . . . 111.6 99 
1 6 . . . . . . . 101 95 
1 6 . . . . . . . 113.6 97 
1 6 . . . . . . . 125.8 97 
1 6 . . . . . . . 106 98 
1 6 . . . . . . . 122.6 98 
1 6 . . . . . . . 115.1 97 
1 6 . . . . . . . 123.2 97 
1 6 . . . . . . . 121.9 95 
1 6 . . . . . . . 109.5 96 
1 6 . . . . . . . 113.7 97 
1 6 . . . . . . . 108.3 97 
1 7 . . . . . . . 102.5 99 
1 7 . . . . . . . 118.5 101 
1 7 . . . . . . . 115.9 94 
1 7 . . . . . . . 132.8 95 
1 7 . . . . . . . 109.7 97 
1 7 . . . . . . . 114.2 98 
1 7 . . . . . . . 116 99 
1 7 . . . . . . . 112.5 99 
1 7 . . . . . . . 125.8 96 
1 7 . . . . . . . 113.1 99 
1 7 . . . . . . . 107.3 98 
1 7 . . . . . . . 100.5 96 
1 7 . . . . . . . 111 97 






1 7 . . . . . . . 110.7 96 
1 7 . . . . . . . 124.3 96 
1 7 . . . . . . . 106.2 95 
1 7 . . . . . . . 108.5 95 
1 7 . . . . . . . 114 97 
1 7 . . . . . . . 111.3 96 
1 8 . . . . . . . 109.3 90 
1 8 . . . . . . . 98.5 93 
1 8 . . . . . . . 101.6 92 
1 8 . . . . . . . 118 94 
1 8 . . . . . . . 112.3 90 
1 8 . . . . . . . 106.9 93 
1 8 . . . . . . . 107.7 93 
1 8 . . . . . . . 108.2 97 
1 8 . . . . . . . 110.5 93 
1 8 . . . . . . . 110.5 97 
1 8 . . . . . . . 108.4 93 
1 8 . . . . . . . 116.1 97 
1 8 . . . . . . . 92.7 93 
1 8 . . . . . . . 115.8 96 
1 8 . . . . . . . 131.3 94 
1 8 . . . . . . . 115.3 97 
1 8 . . . . . . . 112 94 
1 8 . . . . . . . 104.2 97 
1 8 . . . . . . . 117.2 93 
1 8 . . . . . . . 105.9 98 
1 9 . . . . . . . 114.1 89 
1 9 . . . . . . . 124.8 96 
1 9 . . . . . . . 114.7 91 
1 9 . . . . . . . 112.5 96 
1 9 . . . . . . . 108.8 93 
1 9 . . . . . . . 102.2 95 
1 9 . . . . . . . 109.1 98 
1 9 . . . . . . . 119.6 98 
1 9 . . . . . . . 110.2 98 
1 9 . . . . . . . 124.8 94 






1 9 . . . . . . . 104.5 94 
1 9 . . . . . . . 117.5 100 
1 9 . . . . . . . 113.2 97 
1 9 . . . . . . . 117.3 95 
1 9 . . . . . . . 108.2 97 
1 9 . . . . . . . 112.6 97 
1 9 . . . . . . . 105.1 97 
1 9 . . . . . . . 104.9 96 
1 9 . . . . . . . 121.9 93 
; 
run; 
ods rtf file='\\Client\C$\Users\kaitie\Desktop\SASOutputTest.rtf' 
style=journal; 
proc glm data=hashbrown; 
class rep trt; 
model oil= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=hashbrown; 
class rep trt; 
model moist= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=hashbrown; 
class rep trt; 
model crust= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=hashbrown; 
class rep trt; 






random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=hashbrown; 
class rep trt; 
model a= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=hashbrown; 
class rep trt; 
model b= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=hashbrown; 
class rep trt; 
model l= rep trt; 
random rep /test; 
means trt / tukey lines E=rep; 
run; 
proc glm data=hashbrown; 
class rep trt; 
model a= rep trt; 
random rep /test; 
means trt / tukey lines E=rep; 
run; 
proc glm data=hashbrown; 
class rep trt; 
model b= rep trt; 
random rep /test; 
means trt / tukey lines E=rep; 
run; 






class rep trt; 
model force= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=hashbrown; 
class rep trt; 
model surface= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=hashbrown; 
class rep trt; 
model core= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
ods rtf close; 
data mottle; 
input trt rep tentile twenttile thirtile fiftile sevfivtile hundtile@@; 
datalines; 
0 1 12.992 9.029 6.654 4.398 2.779 2.274 
0 1 10.288 6.549 4.917 2.986 1.635 1.527 
0 1 9.663 5.756 4.022 2.066 1.212 0.384 
0 1 10.487 7.345 5.486 3.086 1.741 0.238 
0 1 13.788 9.945 7.868 4.325 2.701 1.939 
0 1 10.83 6.919 4.885 3.163 1.885 1.434 
0 1 12.116 7.874 5.77 3.257 1.725 1.436 
0 1 7.864 4.744 3.32 1.787 1.007 0.933 
0 1 9.756 5.885 4.338 2.482 1.851 0.775 
0 1 10.633 6.573 4.992 2.364 1.67 1.225 
0 1 9.932 6.594 4.792 3.398 2.304 1.895 
0 1 11.778 8.104 5.864 3.886 2.451 1.735 






0 1 10.64 7.052 5.172 3.17 2.607 1.291 
0 1 11.357 7.929 6.19 3.525 2.84 1.461 
0 1 12.476 8.732 6.217 4.371 3.089 1.989 
0 1 13.102 9.156 6.784 4.411 2.997 1.838 
0 1 11.225 7.159 5.291 3.22 1.723 1.167 
0 1 12.488 8.398 5.875 3.704 2.277 1.496 
0 1 9.321 5.663 4.359 2.878 1.517 1.505 
0 2 11.412 7.348 5.515 3.847 1.287 0.744 
0 2 11.891 8.351 5.545 3.787 1.963 1.734 
0 2 12.209 8.249 5.707 3.562 1.906 1.689 
0 2 12.174 8.46 6.143 4.215 1.741 1.29 
0 2 12.977 9.057 6.752 4.185 2.787 2.018 
0 2 9.676 5.831 3.825 2.283 1.461 0.969 
0 2 8.861 4.67 3.738 2.225 0.508 0.383 
0 2 10.965 7.28 4.675 2.588 1.591 0.509 
0 2 11.483 7.484 4.922 3.3 1.384 0.897 
0 2 9.036 5.517 3.582 2.65 1.86 1.417 
0 2 14.577 10.528 7.684 4.668 4.174 0.713 
0 2 14.147 10.217 7.785 5.715 4.091 1.847 
0 2 16.114 12.681 9.7 7.512 4.509 3.69 
0 2 10.761 7.012 4.395 2.617 1.952 1.182 
0 2 9.087 5.537 4.008 2.189 1.503 1.048 
0 2 10.054 5.765 4.115 2.2 1.219 0.785 
0 2 13.191 9.498 7.006 4.829 2.099 1.791 
0 2 14.769 10.817 8.198 6.063 3.136 1.549 
0 2 5.29 2.643 1.653 0.944 0.579 0.395 
0 2 10.407 6.692 4.977 3.002 2.203 1.325 
0 3 12.903 9.051 6.05 3.942 2.398 2.005 
0 3 11.117 7.419 5.108 2.161 1.272 1.217 
0 3 7.459 4.02 2.581 1.133 0.717 0.617 
0 3 13.269 8.837 6.631 3.734 2.563 1.426 
0 3 11.129 7.229 5.454 3.454 1.177 1.17 
0 3 13.808 10.192 8.107 6.271 4.944 3.388 
0 3 12.378 8.236 6.456 3.542 2.985 1.309 
0 3 11.113 6.883 4.918 3.11 2.161 1.2 
0 3 11.857 7.263 5.273 3.427 2.142 1.906 






0 3 13.495 9.844 7.586 4.647 3.734 1.981 
0 3 10.094 6.293 4.722 2.734 1.029 0.843 
0 3 6.824 3.874 2.72 1.046 0.917 0.487 
0 3 12.999 8.649 6.721 4.918 3.068 0.186 
0 3 13.461 9.415 7.092 4.222 2.432 2.447 
0 3 11.872 7.693 5.439 3.64 2.13 0.914 
0 3 8.624 5.027 3.262 1.746 1.157 0.524 
0 3 7.061 4.606 2.851 1.743 1.037 0.671 
0 3 11.247 7.64 5.645 3.838 2.315 1.34 
0 3 9.169 5.82 3.873 2.277 1.355 0.407 
1 1 13.025 8.337 5.995 3.492 2.365 1.27 
1 1 15.186 11.094 8.809 5.123 3.271 2.715 
1 1 14.57 10.444 7.642 5.374 3.913 2.642 
1 1 16.369 12.287 9.191 6.109 4.35 3.274 
1 1 14.938 10.987 8.578 5.106 2.754 1.416 
1 1 15.261 11.064 8.369 5.052 3.734 3.181 
1 1 14.059 10.056 7.778 5.085 3.124 2.999 
1 1 14.42 10.251 6.909 4.751 3 2.099 
1 1 15.972 12.432 10.059 7.283 5.064 4.247 
1 1 15.667 11.407 9.261 5.831 4.437 3.746 
1 1 13.817 9.298 5.856 3.665 2.84 1.607 
1 1 14.387 10.085 7.37 5.198 3.405 2.899 
1 1 13.999 9.487 7.428 3.939 2.508 1.375 
1 1 14.566 10.342 7.331 4.639 3.833 2.715 
1 1 16.284 12.968 10.869 7.219 6.191 3.45 
1 1 14.111 9.08 6.431 3.992 2.881 1.407 
1 1 14.487 10.304 8.076 4.845 3.229 2.138 
1 1 14.01 9.611 7.166 4.142 3.053 2.859 
1 1 14.153 9.718 7.386 4.328 3.013 2.404 
1 1 16.115 12.532 10.175 6.79 4.796 3.869 
1 2 16.229 12.661 9.756 6.898 4.011 3.555 
1 2 16.868 13.453 10.182 7.712 4.419 3.168 
1 2 13.597 9.482 6.562 4.594 2.96 2.231 
1 2 13.601 9.902 6.95 4.896 1.142 1.226 
1 2 14.546 10.323 7.45 5.631 3.301 2.741 
1 2 13.703 9.328 6.682 3.693 2.738 2.171 






1 2 14.006 9.954 7.329 5.003 3.086 2.257 
1 2 14.067 9.742 7.325 4.332 2.542 2.035 
1 2 14.905 10.375 8.214 6.216 3.287 3.628 
1 2 13.261 8.935 6.751 4.149 2.399 2.295 
1 2 14.073 9.508 6.922 4.042 3.06 2.609 
1 2 15.461 11.584 9.355 6.358 4.712 3.663 
1 2 16.116 12.354 9.562 6.294 4.471 3.063 
1 2 13.606 8.979 6.383 5.157 2.827 2.576 
1 2 16.397 12.431 9.066 6.091 4.243 3.692 
1 2 9.732 5.477 3.629 1.757 1.115 0.604 
1 2 16.243 12.783 9.931 6.892 5.484 4.111 
1 2 14.859 10.952 8.682 5.797 3.541 2.928 
1 2 15.618 11.731 8.948 5.757 2.674 3.272 
1 3 12.917 8.38 5.923 3.564 2.316 1.853 
1 3 15.186 11.094 8.809 5.123 3.271 2.715 
1 3 16.612 12.628 9.902 6.401 4.156 3.47 
1 3 16.949 12.869 9.924 6.406 3.909 2.842 
1 3 14.784 10.791 8.858 4.554 3.836 2.134 
1 3 14.408 9.983 7.729 4.677 3.182 2.459 
1 3 17.233 13.656 11.023 7.935 5.597 4.298 
1 3 16.78 14.055 11.447 8.847 7.095 6.587 
1 3 15.373 11.165 8.925 5.692 4.307 3.39 
1 3 15.15 11.468 8.849 6.113 4.458 3.708 
1 3 15.984 11.898 9.747 6.618 5.015 2.344 
1 3 15.826 12.293 9.753 6.891 4.792 4.428 
1 3 15.862 12.503 9.853 7.377 4.392 2.276 
1 3 15.707 12.465 9.651 6.792 4.918 3.998 
1 3 15.55 11.555 9.11 6.04 4.316 2.526 
1 3 13.72 9.498 7.143 4.944 3.732 3.011 
1 3 16.369 12.808 10.355 7.04 4.603 3.14 
1 3 13.469 8.914 6.878 3.597 2.783 1.879 
1 3 16.231 12.612 9.706 6.627 5.482 3.61 
1 3 13.788 9.332 7.049 4.564 2.915 2.22 
; 
run; 
proc glm data=mottle; 






model tentile= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=mottle; 
class rep trt; 
model twenttile= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=mottle; 
class rep trt; 
model thirtile= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=mottle; 
class rep trt; 
model fiftile= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=mottle; 
class rep trt; 
model sevfivtile= rep trt rep*trt; 
random rep rep*trt/test; 
means trt / tukey lines E=rep*trt; 
lsmeans rep*trt/ tdiff pdiff adjust=tukey; 
run; 
proc glm data=mottle; 
class rep trt; 
model hundtile= rep trt rep*trt; 






means trt / tukey lines E=rep*trt; 







Appendix B Consumer Sensory Questionnaire 
Welcome 




Press the 'Continue' button below  
to begin the test. 
Press the white button on the wall 
to receive your sample. 
 
Question # 1. 
 
Do you enjoy fried potato products? 
  
m  Yes 






Question # 2. 
 
How often do you eat fast food? 
  
m  Once a week 
m  2-5 times per month 
m  Once a month 
m  Once every 2-3 months 
m  Once a year 
m  Less often than once a year 
 
Question # 3 - Sample ______ 
 
Please rate the sample for APPEARANCE using 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 4 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 






    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 5 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 6 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 






    Dislike Extremely 
 
Question # 7 - Sample ______ 
 




    Much too crisp 
    
    Slightly too crisp 
    
    Just about Right 
    
    Slightly not crisp enough 
    
    Definitely not crisp enough 
 
Question # 8 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 9 - Sample ______ 
 




    Much too Oily 
    
    Somewhat too Oily 
    
    Just about Right 






    Somewhat not oily enough 
    
    Definitely not oily enough 
 
Question # 10 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 11 - Sample ______ 
 




















                  
              
 
Question # 12 - Sample ______ 
 
If this sample had up to 50% less fat than a 
typical fast food hashbrown, would this make 
you more likely to purchase it? 
  
m  Yes 







Question # 13 - Sample ______ 
 









Question # 14 - Sample ______ 
 









Please press the round button on the wall 
behind the monitor to receive your next sample. 
Please use this time to rinse your palate with 
water between the samples. 
  
Question # 3 - Sample ______ 
 
Please rate the sample for APPEARANCE using 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 






    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 4 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 5 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    







Question # 6 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 7 - Sample ______ 
 




    Much too crisp 
    
    Slightly too crisp 
    
    Just about Right 
    
    Slightly not crisp enough 
    
    Definitely not crisp enough 
 
Question # 8 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 






    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 9 - Sample ______ 
 




    Much too Oily 
    
    Somewhat too Oily 
    
    Just about Right 
    
    Somewhat not oily enough 
    
    Definitely not oily enough 
 
Question # 10 - Sample ______ 
 




    Like Extremely 
    
    Like Very Much 
    
    Like Moderately 
    
    Like Slightly 
    
    Neither Like Nor Dislike 
    
    Dislike Slightly 
    
    Dislike Moderately 
    
    Dislike Very Much 
    
    Dislike Extremely 
 
Question # 11 - Sample ______ 
 

























                  
              
 
Question # 12 - Sample ______ 
 
If this sample had up to 50% less fat than a 
typical fast food hashbrown, would this make 
you more likely to purchase it? 
  
m  Yes 
m  No 
  
Question # 16. 
 
After trying both samples, which one do you most 
prefer overall? 
  
  Rank  Sample # 
 
  _______  _______ 
 
  _______  _______ 
 
 
THANK YOU !! 
 
Please push the white button behind the 







Appendix C Consumer Sensory Data 
Table C.1: Raw consumer sensory data (part a). 











1 I 764 1 2 7 7 6 6 2 
R 289 1 2 7 8 8 9 3 
2 R 289 1 3 7 6 8 6 2 
I 764 1 3 8 8 6 7 3 
3 I 764 1 1 6 6 4 7 3 
R 289 1 1 8 7 7 7 3 
4 R 289 1 1 6 7 8 7 3 
I 764 1 1 8 8 4 7 3 
5 R 289 1 1 9 9 8 9 3 
I 764 1 1 8 8 6 8 3 
6 I 764 1 3 8 8 7 8 3 
R 289 1 3 7 7 6 7 2 
7 R 289 1 3 6 6 6 6 1 
I 764 1 3 9 9 9 9 3 
8 I 764 1 1 8 8 8 8 2 
R 289 1 1 7 7 8 6 1 
9 R 289 1 2 7 4 8 8 3 
I 764 1 2 9 9 7 9 3 
10 R 289 1 4 4 4 6 4 2 
I 764 1 4 8 8 4 8 3 
11 R 289 1 1 6 6 7 6 2 
I 764 1 1 7 7 3 7 3 
12 R 289 2 2 8 7 5 5 2 
I 764 2 2 4 4 4 4 1 
13 R 289 1 3 6 8 8 6 2 
I 764 1 3 8 8 6 8 3 
14 I 764 1 2 8 7 8 8 3 
R 289 1 2 4 4 8 7 2 
15 R 289 1 3 4 5 5 6 3 





Table C.1 continued 
16 I 764 1 4 8 8 8 8 3 
R 289 1 4 7 7 8 7 2 
17 R 289 1 2 6 6 7 6 2 
I 764 1 2 7 8 7 8 3 
18 I 764 1 1 7 8 6 7 4 
R 289 1 1 5 4 7 6 2 
19 R 289 1 3 8 7 8 8 3 
I 764 1 3 8 8 2 7 3 
20 I 764 1 2 8 8 8 8 3 
R 289 1 2 5 8 6 5 2 
21 I 764 1 1 9 9 9 9 3 
R 289 1 1 9 9 9 9 3 
22 I 764 1 4 7 6 6 6 2 
R 289 1 4 6 7 7 6 2 
23 R 289 1 2 8 8 7 8 3 
I 764 1 2 7 8 7 8 3 
24 R 289 1 2 8 9 9 9 3 
I 764 1 2 7 9 8 9 3 
25 I 764 1 1 7 7 8 8 2 
R 289 1 1 7 7 8 7 2 
26 I 764 1 3 7 7 7 4 2 
R 289 1 3 7 7 8 8 3 
27 I 764 1 3 9 9 7 8 3 
R 289 1 3 6 6 8 8 3 
28 I 764 1 1 8 8 7 8 3 
R 289 1 1 7 7 6 2 1 
29 R 289 1 4 4 4 7 7 3 
I 764 1 4 6 7 6 6 3 
30 R 289 1 1 8 8 8 8 2 
I 764 1 1 8 8 4 6 1 
31 R 289 1 2 4 4 6 4 1 
I 764 1 2 8 8 9 8 3 
32 I 764 1 3 8 7 7 7 4 
R 289 1 3 5 4 7 6 3 
33 I 764 1 1 8 8 8 8 3 
R 289 1 1 8 8 6 6 2 
34 I 764 1 1 9 9 8 9 3 
R 289 1 1 4 4 3 4 5 
35 R 289 1 1 7 7 5 8 3 






Table C.1 continued 
36 I 764 1 4 8 8 8 8 3 
R 289 1 4 8 8 7 8 3 
37 I 764 1 2 8 8 7 8 2 
R 289 1 2 6 6 7 8 3 
38 R 289 1 2 6 6 8 8 3 
I 764 1 2 8 8 8 7 3 
39 I 764 1 1 7 6 6 8 3 
R 289 1 1 6 7 4 6 3 
40 R 289 1 1 7 7 7 7 3 
I 764 1 1 7 7 3 7 3 
41 R 289 1 1 7 6 7 7 2 
I 764 1 1 8 8 8 8 4 
42 R 289 1 2 7 6 8 7 2 
I 764 1 2 8 8 8 8 2 
43 R 289 1 2 7 7 7 7 3 
I 764 1 2 8 8 7 8 3 
44 I 764 1 2 8 8 4 7 2 
R 289 1 2 8 8 7 7 2 
45 I 764 1 2 7 7 7 8 3 
R 289 1 2 6 6 6 5 2 
46 R 289 1 2 7 8 8 7 1 
I 764 1 2 9 9 8 4 1 
47 I 764 1 1 8 8 8 8 3 
R 289 1 1 7 7 7 7 2 
48 R 289 2 2 8 7 4 4 2 
I 764 2 2 7 6 4 7 4 
49 I 764 1 2 8 8 7 8 3 
R 289 1 2 6 6 8 8 3 
50 I 764 1 2 8 8 7 7 3 
R 289 1 2 6 4 7 5 1 
51 I 764 1 2 9 9 9 8 2 
R 289 1 2 7 6 7 6 2 
52 R 289 1 1 8 8 8 8 3 
I 764 1 1 8 8 7 7 2 
53 I 764 1 1 8 8 8 8 3 
R 289 1 1 6 7 8 7 2 
54 I 764 1 2 6 7 4 3 1 
R 289 1 2 5 5 6 5 2 
55 I 764 1 2 8 8 7 7 3 
R 289 1 2 6 6 6 6 2 
56 I 764 1 1 9 9 8 7 2 





Table C.1 continued. 
57 I 764 1 1 8 8 8 9 3 
R 289 1 1 8 8 7 7 2 
58 I 764 1 1 9 9 9 9 3 
R 289 1 1 7 7 9 9 3 
59 R 289 1 1 9 9 9 9 3 
I 764 1 1 3 9 5 7 2 
60 R 289 1 1 7 7 8 6 2 
I 764 1 1 8 8 8 8 3 
61 I 764 1 2 6 6 6 8 3 
R 289 1 2 6 6 6 6 2 
62 I 764 1 1 8 8 7 6 2 
R 289 1 1 8 7 8 7 2 
63 R 289 1 1 7 7 7 7 3 
I 764 1 1 7 7 7 7 3 
64 I 764 1 4 8 6 7 7 3 
R 289 1 4 6 6 6 4 2 
65 I 764 1 2 9 9 9 9 3 
R 289 1 2 7 7 9 7 4 
66 I 764 1 2 7 7 8 8 3 
R 289 1 2 4 7 6 6 3 
67 R 289 1 1 7 8 7 8 3 
I 764 1 1 8 9 8 7 2 
68 I 764 1 3 8 8 9 8 2 
R 289 1 3 7 7 5 7 2 
69 I 764 1 1 8 9 7 8 4 
R 289 1 1 7 7 9 9 3 
70 R 289 1 2 7 6 7 8 2 
I 764 1 2 8 8 7 8 3 
71 R 289 1 1 6 6 8 8 3 
I 764 1 1 8 8 7 8 3 
72 R 289 1 2 8 8 7 8 3 
I 764 1 2 8 8 4 7 3 
73 R 289 1 2 7 7 8 8 3 
I 764 1 2 8 8 7 6 3 
74 I 764 1 2 9 9 9 9 3 
R 289 1 2 8 8 7 8 2 
75 R 289 1 1 6 6 4 6 2 
I 764 1 1 6 6 6 7 3 
76 R 289 1 2 7 7 8 7 2 
I 764 1 2 7 8 3 4 3 
77 I 764 1 3 7 8 6 7 3 





Table C.1 continued. 
78 I 764 1 3 8 8 7 9 3 
R 289 1 3 4 3 3 3 2 
79 R 289 1 2 6 7 6 4 2 
I 764 1 2 6 6 7 7 3 
80 I 764 1 3 9 9 8 9 3 
R 289 1 3 7 7 9 7 2 
81 I 764 1 3 8 8 7 9 3 
R 289 1 3 7 8 7 3 1 
82 I 764 1 2 8 8 9 9 3 
R 289 1 2 6 7 8 7 2 
83 R 289 1 2 6 8 6 4 1 
I 764 1 2 8 7 2 7 2 
84 I 764 1 3 8 8 8 9 3 
R 289 1 3 7 8 9 7 2 
85 I 764 1 4 9 8 9 9 3 
R 289 1 4 8 8 6 4 1 
86 I 764 1 2 9 9 9 9 3 
R 289 1 2 7 7 4 6 2 
87 I 764 1 2 8 8 7 8 3 
R 289 1 2 7 7 4 6 3 
88 I 764 1 3 8 8 7 7 2 
R 289 1 3 8 8 7 7 2 
89 R 289 1 2 7 7 8 8 3 
I 764 1 2 7 7 7 6 2 
90 R 289 1 2 8 7 8 8 2 
I 764 1 2 8 8 7 8 3 
91 I 764 1 3 7 7 7 7 3 
R 289 1 3 6 6 4 4 2 
92 I 764 1 2 7 7 6 7 3 
R 289 1 2 5 6 4 6 2 
93 R 289 1 1 7 7 7 8 3 
I 764 1 1 8 8 7 4 1 
94 R 289 1 1 6 6 6 8 2 
I 764 1 1 8 8 8 8 3 
95 R 289 1 1 8 8 8 9 3 
I 764 1 1 8 8 8 9 3 
96 I 764 1 1 9 8 9 9 3 
R 289 1 1 7 8 8 7 2 
97 R 289 1 2 7 7 7 7 2 
I 764 1 2 7 7 8 8 3 
98 R 289 1 2 8 8 8 6 2 





Table C.1 continued. 
99 I 764 1 1 9 8 9 9 3 
R 289 1 1 8 8 8 8 2 
100 I 764 1 4 8 8 9 9 3 
R 289 1 4 7 8 7 8 2 
101 R 289 1 4 8 8 9 8 3 
I 764 1 4 8 8 9 9 3 
 
Table C.2: Raw consumer sensory data (part b). 











1 I 764 4 4 6 3 1 2 
R 289 9 3 8 4 1 1 
2 R 289 8 3 8 4 1 1 
I 764 4 4 6 2 2 2 
3 I 764 2 5 7 3 2 2 
R 289 7 3 8 4 2 1 
4 R 289 6 3 7 4 1 1 
I 764 3 5 5 2 1 2 
5 R 289 8 3 8 4 1 1 
I 764 6 5 7 3 1 2 
6 I 764 7 4 8 4 1 1 
R 289 8 3 7 4 1 2 
7 R 289 5 3 5 3 2 2 
I 764 5 5 9 5 1 1 
8 I 764 6 4 7 4 1 1 
R 289 8 3 7 3 1 2 
9 R 289 9 3 8 4 1 1 
I 764 3 4 7 3 2 2 
10 R 289 7 3 5 2 1 1 
I 764 5 4 4 2 1 2 
11 R 289 8 3 6 4 1 1 
I 764 4 5 4 3 2 2 
12 R 289 6 5 5 2 1 1 
I 764 3 1 2 1 2 2 
13 R 289 6 3 7 4 1 1 
I 764 4 4 6 3 1 2 
14 I 764 4 4 7 4 1 2 






Table C.2 continued. 
15 R 289 5 3 5 3 2 1 
I 764 4 4 4 2 2 2 
16 I 764 6 4 8 5 1 1 
R 289 8 3 7 4 1 2 
17 R 289 6 4 6 2 1 2 
I 764 6 4 7 4 1 1 
18 I 764 4 5 6 2 1 1 
R 289 7 3 6 3 1 2 
19 R 289 8 3 8 4 1 1 
I 764 2 5 2 1 1 2 
20 I 764 3 5 7 4 1 1 
R 289 7 3 6 2 1 2 
21 I 764 9 3 9 4 1 2 
R 289 9 3 9 4 1 1 
22 I 764 4 5 6 1 1 2 
R 289 6 4 7 1 1 1 
23 R 289 4 4 7 3 1 1 
I 764 9 5 7 2 1 2 
24 R 289 6 4 8 4 1 1 
I 764 6 5 8 3 1 2 
25 I 764 8 3 8 4 1 1 
R 289 4 2 7 2 2 2 
26 I 764 4 4 7 2 1 2 
R 289 5 3 8 4 1 1 
27 I 764 4 4 7 4 1 1 
R 289 6 3 6 3 1 2 
28 I 764 4 5 7 4 1 1 
R 289 8 3 6 2 2 2 
29 R 289 4 4 7 3 2 1 
I 764 4 4 7 3 2 2 
30 R 289 4 4 8 4 1 1 
I 764 1 5 3 1 1 2 
31 R 289 6 4 4 2 1 2 
I 764 6 4 8 4 1 1 
32 I 764 2 5 7 2 1 2 
R 289 5 4 6 2 1 1 
33 I 764 4 4 8 4 1 1 
R 289 6 3 7 4 1 2 
34 I 764 7 3 8 5 1 1 
R 289 3 4 4 2 1 2 
35 R 289 7 3 7 3 1 1 





Table C.2 continued. 
36 I 764 6 4 8 4 1 1 
R 289 9 3 7 3 1 2 
37 I 764 5 3 8 4 1 1 
R 289 7 3 7 3 1 2 
38 R 289 7 3 7 3 1 1 
I 764 6 4 7 3 1 2 
39 I 764 5 4 5 3 1 2 
R 289 7 3 5 3 1 1 
40 R 289 4 4 7 4 1 1 
I 764 2 5 4 2 1 2 
41 R 289 7 2 7 4 1 2 
I 764 6 4 8 5 1 1 
42 R 289 4 4 7 2 1 2 
I 764 3 5 7 4 1 1 
43 R 289 7 4 7 2 2 2 
I 764 7 4 7 2 2 1 
44 I 764 2 5 6 1 2 2 
R 289 6 3 6 3 1 1 
45 I 764 7 3 7 4 1 1 
R 289 5 3 6 3 1 2 
46 R 289 7 4 8 4 1 1 
I 764 6 5 8 3 1 2 
47 I 764 6 4 7 4 1 1 
R 289 7 3 6 3 1 2 
48 R 289 2 5 3 2 1 1 
I 764 3 5 4 2 1 2 
49 I 764 6 4 7 4 1 2 
R 289 8 3 8 5 1 1 
50 I 764 4 5 7 2 2 1 
R 289 5 3 6 2 2 2 
51 I 764 4 4 8 4 1 1 
R 289 6 3 7 2 1 2 
52 R 289 7 4 8 5 1 1 
I 764 7 4 7 3 1 2 
53 I 764 4 5 8 4 2 1 
R 289 8 3 7 3 2 2 
54 I 764 4 4 4 2 1 2 
R 289 7 3 7 4 1 1 
55 I 764 4 4 7 3 1 1 
R 289 5 3 7 3 1 2 
56 I 764 4 4 8 5 1 2 





Table C.2 continued. 
57 I 764 8 3 8 5 1 1 
R 289 8 3 7 4 1 2 
58 I 764 3 5 8 4 1 2 
R 289 9 3 8 4 1 1 
59 R 289 1 5 8 4 1 1 
I 764 1 5 6 2 1 2 
60 R 289 8 3 7 4 1 2 
I 764 7 4 9 5 1 1 
61 I 764 4 5 6 3 1 1 
R 289 5 2 6 3 2 2 
62 I 764 7 4 7 4 1 2 
R 289 8 3 7 4 1 1 
63 R 289 6 4 7 4 1 2 
I 764 7 3 7 4 1 1 
64 I 764 4 4 6 4 1 1 
R 289 4 4 6 4 1 2 
65 I 764 5 4 8 5 1 1 
R 289 6 3 7 4 1 2 
66 I 764 4 4 7 4 1 1 
R 289 7 3 5 3 1 2 
67 R 289 8 3 8 4 1 1 
I 764 4 4 7 3 1 2 
68 I 764 7 4 8 4 1 1 
R 289 8 3 6 2 1 2 
69 I 764 1 5 8 3 1 2 
R 289 8 3 9 5 1 1 
70 R 289 6 3 7 4 1 1 
I 764 4 4 7 3 1 2 
71 R 289 5 3 8 4 1 1 
I 764 4 4 8 3 1 2 
72 R 289 8 3 8 4 1 1 
I 764 3 4 4 3 1 2 
73 R 289 8 3 8 4 2 1 
I 764 4 4 4 2 1 2 
74 I 764 4 4 8 4 2 1 
R 289 8 3 8 4 2 2 
75 R 289 4 4 6 2 1 2 
I 764 6 4 6 3 1 1 
76 R 289 4 4 6 2 1 1 
I 764 2 5 3 1 2 2 
77 I 764 4 4 7 3 1 2 





Table C.2 continued. 
78 I 764 5 4 8 4 1 1 
R 289 5 3 3 2 2 2 
79 R 289 4 4 6 2 2 2 
I 764 6 3 6 4 1 1 
80 I 764 4 5 8 4 1 1 
R 289 8 3 8 4 1 2 
81 I 764 4 5 8 3 1 1 
R 289 6 3 4 1 2 2 
82 I 764 6 4 8 5 1 1 
R 289 8 3 7 4 1 2 
83 R 289 3 5 6 2 1 1 
I 764 4 4 3 1 2 2 
84 I 764 6 4 8 4 1 2 
R 289 9 3 8 4 1 1 
85 I 764 6 4 8 4 1 1 
R 289 8 2 4 1 2 2 
86 I 764 8 4 8 5 1 1 
R 289 7 3 6 3 1 2 
87 I 764 4 4 7 4 1 1 
R 289 7 3 6 3 1 2 
88 I 764 4 4 7 3 2 2 
R 289 5 3 7 4 2 1 
89 R 289 6 4 8 4 2 1 
I 764 4 5 7 3 2 2 
90 R 289 7 4 7 4 1 1 
I 764 4 5 7 3 1 2 
91 I 764 3 5 7 4 1 1 
R 289 8 3 6 3 1 2 
92 I 764 3 5 6 2 1 1 
R 289 5 3 4 1 1 2 
93 R 289 7 3 7 4 2 1 
I 764 4 4 8 2 2 2 
94 R 289 6 4 6 3 1 2 
I 764 6 4 8 4 1 1 
95 R 289 8 3 8 4 1 1 
I 764 7 4 8 4 1 2 
96 I 764 5 4 8 5 1 1 
R 289 8 3 8 5 1 2 
97 R 289 4 4 6 3 1 2 
I 764 6 3 7 4 1 1 
98 R 289 4 4 6 3 1 1 





Table C.2 continued. 
99 I 764 8 3 9 5 1 1 
R 289 7 4 8 4 1 2 
100 I 764 9 3 9 5 1 1 
R 289 7 4 8 4 1 2 
101 R 289 5 3 8 3 1 2 
I 764 6 3 8 3 1 1 
 
 
